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5Abstract
Self-organisation is an inherent mechanism in all laser systems although it is often over-
looked. The self formation of spatial and spectral modes, competition between modes
and much spatio-temporal dynamics are driven by the intrinsic non-linearity of saturable
gain in the laser amplifier medium coupled with feedback from a resonator structure.
It is highly insightful to consider the growth, extinction and competition of modes in
a laser system as an evolving ecosystem with modes as species growing by stimulated
emission in the gain medium, decaying by intracavity and output coupling losses, and
having to compete for the common, but finite, resource of gain which is supplied by
an external excitation source. The outcome of species competition is a survival-of-the-
fittest that determines the final steady-state output or dynamical set of modes that can
continue to persist. This thesis presents investigations into the design solid-state laser
systems which utilise the inherent dynamics of optical fields and gain media in order to
self-organise the system to operate in a desirable manner.
The Nd:YVO4 bounce geometry laser amplifier is employed throughout this thesis.
A numerical investigation of the thermally induced lensing within the laser crystal is
reported. Optimisation of the geometry parameters is explored as well as investigation
into future developments, such as the utilisation of an additional sapphire crystal to
directly cool the laser crystal pump face. This is shown to theoretically reduce the
horizontal thermally induced lens strengths by a factor of 4.
Single longitudinal mode single longitudinal mode (SLM) ring lasers where the
unidirectionality is imposed either by an extra-cavity ‘parasitic’ pass of the gain media
or by retro-reflection of one of the two outputs are investigated. SLM TEM00 output
powers of up to 20W are demonstrated without the need for a Faraday isolator.
A self-adaptive sensor which allows the measurement of remote surface vibrations
is demonstrated. The two-wave mixing interaction within a saturable gain media is
6shown to allow measurement of high frequency phase modulations (&10kHz) whilst
adapting to cancel out low frequency perturbations. This sensor system is shown to
have potential as a remote ultrasound detector as the holographic nature allows high
frequency measurement of the vibrations of rough remote surfaces.
Self-starting self-adaptive lasers, where a four wave mixing interaction within the
saturable gain medium is utilised to generate phase conjugate and aberration corrective
laser systems are experimentally investigated. This work is extended to show that the
gain hologram is capable of adapting to low frequency phase modulations in order to
maintain a high quality output.
A demonstration of self-organised coherent beam combination of two bounce ge-
ometry laser oscillators into a single output beam is reported. A combined output beam
of 35.7W was demonstrated from 94W of pump power. This coherent beam combi-
nation is extended into the technique of phase conjugate self-organised coherent beam
combination (PCSOCBC) where a first demonstration of the combination of two self-
starting self-adaptive modules is reported. It is shown that the adaptive modules allow
efficient beam combination (94%) with a combined output of 27W. As the self-starting
self-adaptive modules do not have predefined spatial or spectral modes it is believed
that this system could be scaled to much higher numbers of modules than is possible
with conventional self-organised coherent beam combination.
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Chapter 1
Introduction
One interpretation of the second law of thermodynamics states that:
The entropy of an isolated system not in equilibrium will tend to
increase over time, approaching a maximum value at equilibrium.
This has many implications over phenomena seen in the real world, such that heat never
flows from a cold body to a hot, or that tea never brews itself back into a bag. It gives
a direction to time which cannot be reversed. Both of these examples move towards an
equilibrium, with any original structure being lost to a sea of uniformity. The second
law suggests that all processes move toward a situation of maximum entropy, and an
equilibrium situation is reached when entropy has been maximised [1, 2].
Some systems display properties which oppose this view, such as the laser. In a
laser atoms far from thermal equilibrium are seen to self-organise their oscillation to
emit a coherent stream of photons [3, 4]. They have left behind an unstructured high
entropy state and entered an organised low entropy one, but this seems to inherently
break the second law of thermodynamics. The resolution to this issue was constructed
by I. Prigogine [5] for which he received a Nobel prize. The solution to this issue can
be seen if the system and its surroundings are taken as a whole. In a laser there is
a continual flow of energy through the amplifier. It can decrease its entropy only at
the expense of the environment, thus the second law of thermodynamics is not broken.
Interestingly the laser cannot be thought of as being in equilibrium in a classic sense
as this would require the rate of change of entropy to be zero. Instead the system
is endlessly creating entropy, so it must be thought of as in a dynamic equilibrium, or
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attractor state. This idea of self organisation as an entropy generation mechanism allows
the reconciliation of the existence of plants, animals, and lasers with thermodynamics.
It was H. Haken in 1978 who first identified the connection between the emission of
coherent laser light and a self organising system [3, 4, 6]. A typical laser consists of a
medium in which electrons are excited into an upper energy level generating a popula-
tion inversion. This medium is placed between two mirrors, the cavity. Light oscillates
within the cavity and gains in intensity every time it passes through the medium. This
system can be seen to self-organise itself, in that at low levels of pumping the emission
from the medium is unorganised ‘lamp’ light, but when the pumping is increased above
some critical value, the threshold, the emission from the medium becomes a single si-
nusoidal wave. This shows that the action of the atoms within the medium has become
highly correlated, they have self-organised.
As pump powers are increased the single sinusoidal wave is often joined by a myr-
iad of other spectral, and spatial modes. The increased gain promotes a ‘survival of
the fittest’ competition for the gain between the different laser modes [7]. Spatial hole
burning, coupled with increased thermally induced lens and aberration strengths tend to
lead to multiple spatial and spectral modes existing simultaneously. This can dramati-
cally limit the output power and brightness attainable from a laser system in a required
mode of operation.
The common technological approaches of laser design are to hard-wire and con-
strain the system to operate in a particular required mode. A very simple example of this
is using an intracavity pin-hole aperture for selection of the lowest order spatial mode.
Preferential low diffraction loss is experienced by the axially-strong TEM00 mode con-
straining this mode as the sole winner with larger sized higher order modes unable to
survive [8]. Other hard-wiring designs require much more complex and expensive so-
lutions. By its nature, a design that constrains the state-space may only be successful
over a limited operation range, and will generally lead to reduced efficiencies.
This thesis aims to explore the use of the inherent self-organising dynamics of the
laser gain media and optical modes as an alternative to ‘hard-wired’ constraint. This
chapter acts as an introduction to this work, presenting a discussion of self-organisation
within the context of the laser, as well as discussion of relevant concepts and prior
solid-state laser development.
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1.1 The laser
The principle behind the existence of the laser was first proposed after A. Einstein sug-
gested an extra term in the equations governing the absorption and emission of photons
between two energy levels [9]. This extra term became known as stimulated emission
and led to the postulation, and eventual realisation, that if an inversion of population
between two energy levels could be achieved, then this would allow the coherent am-
plification of light, and thus the laser. Initial amplification by stimulated emission was
seen in the microwave region, with the exploitation of the maser occurring rapidly dur-
ing the 1950s. In 1958 A. Shawlow and C. Townes published a major paper detailing the
theoretical requirements for moving from the microwave region to shorter wavelengths
[10], with the first practical exploitation being by T. Maiman in 1960, with a flash lamp
pumped ruby laser [11]
1.1.1 Principles of laser operation
Every photon from a standard light source, such as a bulb, is emitted randomly with
phase, direction and frequency uncorrelated with any other photon. In a laser all of the
photons are emitted with correlated phase, frequency and direction, they are effectively
copies of each other, this comes about through stimulated emission.
In stimulated emission an electron in an upper state energy level will be more likely
to fall to a lower energy state by photon emission under the influence of a photon of the
same energy difference. The emitted photon will take on the properties of the photon
that caused the transition, effectively copying it. Of course a photon of the energy of
the transition can also promote an electron to the meta-stable upper energy level from
the lower one. So for amplification of a beam to occur there must be more electrons
in the upper level than in the lower level. This is obtained by using a three or four
level system in which an electron is pumped from the ground state to a state which will
rapidly non-radiatively decay to the upper lasing level. If pumped hard enough this can
leave a population inversion within the medium and thus allow amplification of light.
This amplification process is adapted into a laser by the addition of a Fabry-Perot cavity
around the gain medium. One of the mirrors is partly transmissive allowing a laser beam
to exit the cavity. As a beam bounces around inside the cavity it is amplified on every
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pass of the medium, until all of the photons within the cavity are correlated with each
other. This yields an output which is no longer diffuse and random, but coherent.
In lamp like emission the light emitted can be of any direction, phase and frequency
permitted by the atomic transition. The laser emission on the other hand is restricted to
longitudinal and transverse modes by the cavity.
Transverse/spatial modes A transverse mode is defined as a transverse amplitude
structure which is a solution to the wave equation and is consistent over propagation.
i.e. on propagation it undergoes a linear scaling in the transverse directions, but main-
tains its shape. In a resonator the modes are constrained to reproduce their transverse
profile without any scaling on each round trip of the cavity. Only certain spatial pro-
files exist which can reproduce themselves on a round trip; the simplest of which is
a Gaussian. A set of higher order modes, which are formalised as Hermite-Gaussian
in cartesian coordinates and Laguerre-Gaussian in radial coordinates, can also offer
self-reproducing solutions. Any other structure which does not meet this reproducing
criteria is not able to maintain stable operation.
Longitudinal/spectral modes Modes contained within a resonator have the addi-
tional constraint that the phase must be reproduced on each round trip. This limi-
tation on the phasing of modes within the resonator limits the operation to specific
wavelengths which form standing waves. This leads to a comb of allowed operational
frequencies within the resonator.
Within a laser cavity containing a gain medium these separate resonator modes will
all compete to extract the gain. Close to threshold a single spectral and spatial mode
which best matches the gain region, and can thus most efficiently extract the gain, will
dominate. As the pump power is increased multiple spatial and spectral modes will
compete for the shared gain resources, allowing a set of modes to oscillate.
Much of the intricacy of high power laser development is ascertaining how to ma-
nipulate the laser amplifier and cavity design in order to promote the dominance of a
required mode or set of modes.
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1.2 Solid state lasers
The work presented within this thesis will be based around the use of diode-pumped
solid-state lasers. This will focus on using diode-pumped Nd:YVO4 solid state slab
amplifiers operated in the bounce geometry.
A solid-state laser is so called as the gain media consists of a solid host material
doped with a laser active ion. The spectroscopic properties are primarily inherited from
this ion, whilst the mechanical, thermal and optical properties are generally dictated by
the host material. The first solid state lasers were based on ruby, which is a chromium
doping of a sapphire crystal (Cr3+ : Al2O3) [11]. These days the most common solid
state laser ion is Neodymium (Nd3+), which is most commonly doped into a YAG host.
This offers many benefits on prior solid state laser materials due to its excellent opti-
cal, thermal and mechanical properties [8, sec. 2.3.1]. The usage of other Nd3+ doped
hosts has become more prevalent over recent years due to advent of high power nar-
row linewidth laser diodes. This permits the efficient use of laser crystals with narrow
absorption linewidths. Special interest has focused on vanadate hosts such as YVO4
and GdVO4 as they have high stimulated emission cross sections, allowing efficient op-
eration. They do unfortunately have lower thermal conductivities than YAG, but they
also have lower changes of refractive index with temperature, leading to similar perfor-
mances to YAG but with higher pump absorption and gain coefficients [12].
1.2.1 Pumping of solid state media
For laser operation a method of creating a population inversion is required. In solid
state lasers this is accomplished by optical pumping.
Flash lamp pumping
Since the first inception of the laser optical pumping via flash lamps has played a large
part in the development of solid state lasers [11]. Flash lamps (and arc lamps which
are used for continuous pumping) consist of a gas cell with electrodes on either end,
which provide electrical discharge across the cell. Flash lamps are attractive for pulsed
operation of lasers as they can deliver very high peak pumping powers, as well as being
robust and relatively cheap. Unfortunately due to their large bandwidths the fraction of
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pump light which promotes electrons from the ground-state to the upper pumping level
can be low. This leads to high thermal loading of the solid-state crystal and low wall
plug efficiency.
Diode pumping
Modern laser diodes offer various advantages over flash-lamps for pumping solid state
lasers, and are rapidly replacing them in commercial solid-state lasers. Their main
advantages are narrow linewidth emission, high electrical to optical efficiencies and
high continuous output powers from a single diode bar. For example 50W conduction
cooled diode bars at 808nm (Nd3+ pumping transition) are available off the shelf with
linewidths below 3nm FWHM and electrical to optical efficiencies >50% [13]. These
diode properties lead to a number of benefits to the laser systems, such as more efficient
pumping into the upper lasing level and a subsequent reduction of the thermal loading.
These factors, when considered with the long operational lifetimes of modern pump
diodes (10 - 20 000 hours [13]), demonstrate the benefits of diode pumping solid-state
lasers. Due to these benefits diode-pumped solid-state lasers will be used exclusively
throughout this thesis.
1.2.2 Diode-pumped solid-state laser geometries
Many different solid-state laser geometries have been investigated [8]. Diode pumping
schemes can be broadly broken down into two types, end pumping and side pumping.
Figure 1.1a shows an idealised diagram of an end-pumped solid-state laser system,
of the type first demonstrated by L. J. Rosenkrantz [14]. The diode is imaged onto the
end of the laser crystal through a dichroic mirror which is transmissive to the pump
wavelength and highly reflective at the laser wavelength. The cavity is built from the
dichroic back mirror and a partially transmissive output coupler (OC). Correct choice of
diode imaging optics can efficiently match the pump radiation with the TEM00 resonator
mode, promoting a high quality output beam.
Figure 1.1b shows a conceptual schematic of a side-pumped laser geometry [15].
As opposed to the end-pumped system the direction of the diode radiation and the laser
wavelength is now perpendicular. This has the advantage of removing the requirement
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Figure 1.1: (Schematic of (a) end-pumped and (b) side-pumped solid state laser geometries.
for a dichroic end mirror. Side pumped laser systems can lead to poor overlap between
the gain region and the TEM00 laser mode, but various operational systems which allow
better overlap between the laser mode and the pump region have been demonstrated
[8, 16–19].
One side pumped-laser geometry which has garnered much interest is the bounce
geometry amplifier [20–24]. This system allows good overlap between the gain re-
gion and the TEM00 mode by utilising a total internal reflection at the pump face. This
diode-pumped solid-state amplifier design will be used exclusively throughout the ex-
perimental work of this thesis and will be discussed in more detail in chapter 2
1.2.3 Thermally induced lensing and aberrations
Despite considerable advances made in solid-state laser technology, a fundamental dif-
ficulty for high power scaling still exist. Adverse thermally-induced lensing and aber-
rations occurring at high pump powers degrade the beam quality and de-stabilise the
laser cavity. This thermally induced lensing is generally dominated by the refractive
index variation of the gain medium as a function of temperature [25]. In a laser am-
plifier there is inherent heat deposition due to the difference in photon energy between
the pump and laser wavelengths. This heat loading leads to a temperature distribution
within the crystal. This in turn modulates the refractive index of the medium as seen by
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the laser mode, leading to aberrations and thermally induced lensing being experienced
by the laser beam.
The thermally induced lensing within solid-state lasers will be discussed in much
more detail in chapter 3 where a discussion of other lensing mechanisms as well as a
full model of the thermally induced lensing within a bounce geometry laser amplifier
will be presented.
1.3 Self-organisation within the laser
Organisation and self-organisation are similar in many of the properties expressed to
outside observers, but their underlying function is very different. Organisation as a
whole is being structured so as to fulfil some function [2]. In self-organisation the
system acts to maintain a particular configuration without external regulating control,
despite perturbations.
The laser clearly by its very operation has self-organised the oscillation of many
atoms within a crystal to emit light with well defined phase, frequency and direction.
In fact the self-organising nature of the laser is so clear that when H. Haken started to
investigate the field of synergetics [3, 4] (Self organisation in systems far from thermal
equilibrium) he used the laser as the main basis of his research as it is a system with
high non-linearities and vast degrees of freedom. In addition to this it offers a system
which can be highly controlled with regard to external perturbations, as well as offering
short timescales for the organisation, unlike other systems such as an ecosystem.
Self-organising systems require specific characteristics and properties which allow
them to self-organise. A brief discussion of these properties will be made with specific
emphasis on their nature within a laser.
Local interactions lead to global organisation One key aspect of self-organising
systems is that short distance local interactions can synchronise the whole system. This
says that in a disordered system the influence of the state of one part of the system is
washed out over large distances by random perturbations from other components. In
other words when unorganised knowing the state of one component gives you no infor-
mation of the state of other distant components. Once the system has self-organised this
is no longer true. These local interactions have propagated throughout the system such
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that knowing the behaviour of one part allows description of the behaviour of distant
components. This is generally manifested in some form of emergent behaviour which
may not easily have been predictable from consideration of the individual components.
In the laser this can be seen as below threshold the photons emitted in one part of the
gain medium have some influence over their local neighbours via stimulated emission
but at long distances the random emission from other atoms causes this influence to
become negligible. Once threshold is reached and self-organisation has occurred the
local interactions are amplified across the crystal correlating the oscillation at one part
of the medium directly with all others. These local interactions have led to the emergent
behaviour of a single correlated emission from the laser amplifier of set direction, phase
and frequency.
Distributed control A property of self-organising systems which is very closely re-
lated to the idea of global organisation from local interactions is that there is that there
is no centralised control. In other words that no one part of the ensemble will inherently
control the behaviour of all other parts.
A laser exhibits this lack of centralised control as a laser amplifier is essentially an
ensemble of atoms absorbing pump photons and re-emitting photons at the operational
wavelength. Once a laser has reached threshold and self-organised the wavelength,
phase and mode structure of this resultant beam is not slaved to any single component of
the pre-organised system. This highlights the stochastic nature of many self-organising
systems, a chance decision by any one atom can end up in a global coherent alignment.
Feedback For self-organisation to occur it is important that initially a change can
become rapidly dominant, but then once a system has organised that the system is stable
to perturbations. This relies on two types of feedback, initially positive and then later
negative. This in general requires a system whose dynamics are governed by non-linear
equations.
A laser at the time it is turned on initially starts with a period of positive feedback,
on each round trip the cavity modes are amplified leading to an increasing intensity
optical field. As the gain becomes saturated this run away amplification is limited and
the optical field settles down to a steady state (usually after a series of relaxation oscil-
lations).
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Continual flow of energy One aspect that is required for most of the more com-
plicated forms of self-organisation is a continual flow of energy. It has already been
mentioned that a self-organising system reduces its entropy at the expense of its sur-
roundings. For this to remain true over the passage of time a continual generation of
entropy in the environment must be occurring, and this requires continual energy flow
through the self-organised system. In a laser it is evident that that a population inversion
must be maintained via continued pumping into the upper level. For example if pump-
ing is turned off for a time, and then turned on again, the system will not necessarily
return to the same oscillation state as before, even though it would be maintained over
that time period via continuous pumping.
Noise A system which has the possibility to self-organise, would never actually or-
ganise if it were not due to random processes which act to move the solution around
within its state space [2]. A high order non-linear system will in general have many
possible stable solutions in its state space. If a system was to exist without any noise,
then from its initial starting state it will move to the closest attractor, in which it would
remain. But this solution is very unlikely to be the optimum solution, so without noise
systems would get stuck in local attractors instead of finding a ‘better’ global solution.
The effect of noise is to allow the system to leave local attractors, causing them to
move around within their state space such that they better find the global attractor states
[26]. It was Prigogine who suggested the principle of order through noise, suggesting
that increasing the noise in a system will allow it to find a global attractor, and thus
self-organise, faster.
In a laser this noise is produced from the random spontaneous emission. It is worth
noting that the noise in a laser is thus higher before the laser has organised than after due
to the balance between spontaneous and stimulated emission. This concept of increased
noise improving the speed of organisation, and the quality of the fit, has been seen in
many places, including ring lasers where additional noise is deliberately added to a
system [27].
These properties of self-organising systems lead to certain behaviours which char-
acterise self-organising systems.
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Resilience The distributed control aspect of self-organisation leads systems to inher-
ent resilience to perturbations. By this it is meant that if a single part of the system fails
to behave in the correlated manner it will not detrimentally affect the rest of the system.
Instead the system as a whole will be able to maintain the self-organisation and will
usually bring the uncorrelated component back into the self-organised whole.
In a laser the operation is dominated by the stimulated emission of photons, but
there will also be spontaneous emission occurring. This spontaneous emission acts to
decorrelate individual oscillators within the laser amplifier, which instead of emitting
into the laser beam will emit a random photon. The laser emission will not be affected
by this uncorrelated behaviour and will maintain its self-organised state.
Symmetry breaking The self-organisation of a laser to emit a single beam exhibits
another property of self-organisation. At low pump powers the emission from the am-
plifier is isotropic on a macro scale. This inherent symmetry is broken as the pump
power is increased and threshold reached. The oscillators within the medium have a
preferential direction of oscillation and the symmetry is broken. The self-organisation
of the laser amplifier, and self-organisation in general is seen to break symmetries.
1.4 Adaptation
A property which is of interest in conjunction to self organisation is that of adaptation.
A system which has self-organised, will show a correlation of its fit to its external con-
ditions [2]. Adaptation is the ability of the system to maintain its organisation despite
changes in the environmental conditions. With a system defined as adaptable if it can
adjust to external perturbations whilst maintaining as much of its organisation as possi-
ble. This is a fundamental property of many systems including life, as we would never
had been able to develop if every time our environment changed slightly the current
solution was completely destroyed and rebuilt from scratch.
For a system to be adaptive, that is to be able to adjust itself to a new set of envi-
ronmental constraints, there are certain criteria which must be fulfilled. These are that
a system must be able to produce a wide variety of actions, and be able to select which
one of these actions is most appropriate. This first criteria links itself to a system hav-
ing many possible stable states from which it can choose, and the second that it must
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be able to easily move around within its state space in order to choose the most fitting
solution.
The two criteria for an adaptive system are most prevalent in far from thermal equi-
librium systems residing on the edge of chaos [28]. That is that there are many states
within the state space and that they are sufficiently stable, such that when a good ’fit’ has
been found the system is unlikely to leave. But the system must not be so constrained
that it cannot move away if the external conditions change.
In a laser there are fixed spectral and spatial modes. The state space is therefore
not as free as would be ideal for an adaptable system. for example this is especially
true in systems where there is a very small number of spectral modes within the gain
bandwidth. Temperature fluctuations can cause the mode to move in and out of the gain
bandwidth destabilising temporally the output power of the laser.
It has been suggested that more adaptable laser systems have been constructed by
including phase conjugate elements. It is believed that the phase conjugate element
allows compensation for changes within the cavity on time-scales longer than that of
the phase conjugate mechanism. This resonators will be discussed briefly within this
chapter and in more detail in chapter 6.
1.5 Examples of self-organisation and adaptivity within the laser
As discussed above in section 1.3 it can be seen that the laser oscillator has all of the
properties required to be a self-organising system, that is: a large number of degrees of
freedom; being far from thermal equilibrium; a mechanism to couple elements allowing
distributed control; an inherent random process and due to the Fabry-Perot etalon a
feedback mechanism. More than this it is well known that a laser does self-organise
as its operation inherently shows the macro organisation of individual dipoles without
external control. Knowing how the gain medium and oscillating fields are likely to self-
organise thermsleves then begs the question how can laser cavities be designed to cause
the optical fields to self-organise into desirable behaviour.
Some laser systems show such design considerations with special geometries and
elements utilised in order to cause the optical mode to generate desirable properties. A
brief discussion of some of these systems will now be presented.
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1.5.1 Modelocking
Mode-locking is a technique used for creation of ultrashort pulses, of the order of pico
or femto seconds [29]. The principle behind mode-locking is that multiple longitudinal
cavity modes are phase locked to produce a single short pulse oscillating back and forth
within a laser cavity. This will emit pulses temporally spaced by the cavity round trip
time. The pulse width itself is directly related to the bandwidth of the gain medium and
the number of longitudinal modes which exist within it [8].
Passive mode-locking is achieved by the introduction into the cavity of a saturable
absorber, a medium with a non-linear absorption such that a decreasing loss is experi-
enced for increasing beam intensities. This introduces into the longitudinal modes of
a cavity the non-linear response required for self organisation to occur. As the laser is
turned on multiple longitudinal cavity modes start to oscillate. The saturable absorber
attenuates those parts of the combined cavity mode which are weakest more than those
that are of higher intensity. This gives a feedback which causes the cavity mode in
which all of the spectral components are phased into a short pulse a higher round trip
gain than others causing it to become the self-organised sole survivor of all the possible
sets of modes.
In order for a system to maintain its organisation at this point it is required that any
perturbation away from the selected fit should experience a negative feedback. This can
be seen in the example of pulse broadening. If the pulse starts to broaden temporally, it
is rapidly reconfined into the short pulse as the lower intensity regions of the pulse at its
front and rear will experience an increase in cavity losses due to the saturable absorber,
thus will experience lower gain and therefore will be attenuated. This has the effect
of maintaining short pulse length, in fact it has been demonstrated that pulses can be
operated at 13fs using methods such as these [29].
1.5.2 ASE sources
In standard laser operation the large state space of a laser amplifier is confined using
an array of tools to force operation in a specific state. For example the use of a cavity
forces specific spectral modes, reducing the total states available. As discussed earlier
adaptivity requires the ability of a system to move around within its state space without
losing its organisation. Cavity based lasers are highly sensitive to alignment and cannot
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adapt to external perturbations because the state space of the system is confined. In-
termediate states between the cavity modes are now missing, causing the laser to loose
its self-organisation completely under external perturbation. But in most lasers a cavity
is needed in order to give feedback. Solid state lasers which do not require a cavity
such as the amplified spontaneous emission (ASE) source recently developed by our
group [30] do not suffer from this reduction in their state space, so they have been seen
to maintain operation under large external perturbation as well as being insensitive to
massive misalignments of cavity elements. This makes for a laser-like system which is
much more adaptable to perturbations than standard laser systems.
1.5.3 Phase conjugation
One interesting optical concept which offers interesting self-organising and adaptive
properties to a laser system is that of phase conjugation. As discussed in section 1.2.3
moving to higher pump powers in a laser system will inherently lead to increased ther-
mal lensing and aberrations, reducing the quality of the output radiation. One technique
which offers a way to passively correct for these problems is through the use of phase
conjugation PC. phase conjugate (PC), or time reversal in the Russian literature, is a
non-linear optical process where a reflected beam is created which reverses both the di-
rection and phase of the incident beam. It represents an entirely self-organising method
of counteracting the problems associated with high power laser oscillators.
(a) (b)
Figure 1.2: (a) Reflection from a conventional mirror, only the component of the propagation
vector perpendicular to the mirror is reflected. (b) Reflection from a PCM, the beam is fully
reflected back along the input direction.
Figure 1.2(a) shows the reflection of an incident plane wave from a conventional
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PCM
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(a) (b)
Figure 1.3: (a) Reflection of a plane wave by a conventional mirror with phase aberation
plate. (b) Reflection of a plane wave by a phase conjugate mirror (PCM) showing reconstruc-
tion of the plane wave on double pass of the aberating phase plate.
mirror. The beam is only reflected in the direction perpendicular to the mirrors sur-
face. In contrast figure 1.2(b) shows a similar situation but with the conventional mirror
replaced by a phase conjugate mirror (PCM). The phase conjugate mirror acts to re-
verse all components of the propagation vector, such that the reflected beam counter
propagates to the incident beam.
The phase conjugate mirror not only reverses the propagation vector, but also the
phase of the wavefront. Figure 1.3a shows the reflection of a beam aberrated by a phase
plate by a conventional mirror. The beam is phase aberrated on the first path of the
phase plate and then aberrated again on the second pass. Figure 1.3b shows the same
input beam and phase plate, but with the conventional mirror replaced with a PCM. The
reflected beam is wavefront reversed such that on the second pass of the phase plate the
initial plane wave is reproduced.
A mathematical description of a phase conjugate wave, EC , can be considered in
terms of an incident wave Ei
Ei (~r, t) = 1/2
[
|Ai (~r)| exp
(
i
(
ωit− ~ki~r + φ (~r)
))]
+ c.c. (1.1)
Ec (~r, t) = 1/2
[
rc |Ai (~r)| exp
(
i
(
ωit+ ~ki~r − φ (~r)
))]
+ c.c. (1.2)
Where Ai (~r) is the spatial amplitude of the incident beam, ωi the incident frequency,
ki the wave vector and φ (~r) the phase of the wavefront. The phase conjugate beam
reproduces the spatial amplitude and has reversal of both the wavevector (~kc = −~ki)
and the wavefront (φc (~r) = −φi (~r)).
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Figure 1.4: Showing the concept of a phase conjugate resonator. A plane wave (1) from
the output coupler (OC) passes through the gain medium where it is amplified and aberrated.
The aberrated beam enters the phase conjugate mirror (PCM), returning a phase conjugate
beam (3). This phase conjugate beam is correctly phased such that as it passes through the
gain medium again it generates a plane wave (4) which partly leaves the cavity as the phase
conjugate output.
A1
A3
A4
A2
Figure 1.5: Four wave mixing in a non-linear medium. The forward pump (A1) and the
signal beam (A3) write a grating, from which the backward pump (A2) can diffract to form
beam A4, which is the phase conjugate of the signal beam.
The idea of phase conjugation of this nature leads naturally into the idea of con-
structing a laser cavity which can compensate for intra-cavity aberrations without de-
grading the beam quality. It is possible to construct a cavity which contains a planar
output coupler followed by an aberrating gain medium. The back mirror is formed from
a PCM which acts to reverse the phase front of the incident beam causing a reproduction
of the plane wave form at the output coupler, as shown in figure 1.4.
Phase conjugation was originally demonstrated via stimulated Brillouin scattering
(SBS) in gas cells [31, 32], but in recent time is most commonly implemented via
four wave mixing (FWM). Although a more detailed description of FWM in saturable
gain media will be given in chapter 6 a brief overview is given here to demonstrate the
relevance of self-pumped phase conjugation when considering self-organisation of laser
modes and gain media.
Figure 1.5 shows a conceptual diagram of a FWM geometry. The interference pat-
tern formed between the forward pump beam (A1) and the signal beam (A3) creates a
modulation in the polarisability of the non-linear medium. In the case of plane waves
interacting this modulation will be of the form of a grating, with more complicated
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wavefront structures leading to a modulation akin to that of a volume hologram. The
backward pump beam (A2) which counterpropagates to the forward pump beam (A1),
and is ideally its phase conjugate, diffracts from the grating to form beam A4, which is
the phase conjugate of the signal beam (A3). Phase and angle matching of the pump
and probe beams can be simplified by utilising a so called “self-intersecting loop ge-
ometry” where beam A3 is formed from beam A1. This inherently phase matches the
probe and reading beams.
This idea of four wave mixing to generate a phase conjugate beam has been demon-
strated utilising a number of different non-linear mechanisms and media, i.e. by pho-
torefraction in χ(3) materials [33, 34], thermal refractive index in absorbing crystals
[35–37] and by saturable gain gratings in laser active material [34, 38–40].
The use of FWM geometries in saturable gain media has shown to be an excellent
way of generating high-quality high-power laser radiation, and due to the amplification
within the gain media can yield greater than unity reflection efficiencies [41, 42]. Using
FWM in a saturable gain media has significant advantages for laser resonator design as
it does not need a separate phase conjugate module, instead being implemented within
the laser amplifier. A self-intersecting loop geometry can lead to the gain medium
and optical modes self-organising to create a phase conjugate output of an incident
beam. The use of gain gratings as a phase conjugate mechanism in laser cavities will
be explored further in chapter 6.
1.6 Thesis Structure
This chapter has presented an introduction to solid state lasers and how self-organisation
and adaptivity are inherent parts of their operation. This has led to a brief discussion of
various concepts, such as phase conjugation via gain gratings, which utilise the inherent
dynamics of the gain medium in order to produce more complicated control of the
output from a laser cavity. In the following chapters other systems which utilise the
inherent gain dynamics to provide specific operation are investigated. This work focuses
on the development of continuous wave solid-state lasers. It is worth mentioning that
solid-state lasers are not the optimum solution for generating high-power continuous
outputs as fibre lasers can generate much higher continuous powers. Solid-state lasers
still have importance for generating short pulses, with high peak powers which would
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damage fibre amplifiers. The development of the continuous wave lasers presented
within this thesis is of importance mainly as conversion to pulsed sources can be easily
obtained through simple introduction of a Q-switch.
Chapter 2 presents a discussion of the diode-pumped solid-state Nd:YVO4 bounce
geometry laser. Discussion of the laser crystal, the geometry, the origins of the thermal
lens and how this effects the cavity stability is presented. This is finalised by presenting
the results for an experimental realisation of these systems.
In order to improve the operation of the Nd:YVO4 bounce geometry crystals utilised
throughout this thesis chapter 3 presents an investigation into the thermal lensing ef-
fects within the amplifier. This includes both analytical and numerical modelling of
thermally induced lens strengths followed by investigation into parameter optimisation
and different cooling geometries. Investigation into the effect the aberrated thermal
lens has on higher order cavity modes as well as a short investigation into the effects
of quasi-continuous wave (QCW) pumping and potential future crystal geometries is
presented.
Chapter 4 investigates single longitudinal mode (SLM) ring lasers based around
a bounce geometry amplifier. This chapter specifically investigates whether self or-
ganising mechanisms can be used in replacement of a Faraday isolator for inducing
unidirectionality onto the ring laser. Two approaches are investigated, firstly the use
of an extra-cavity ‘parasitic’ pass of the intra-cavity amplifier to break the symmetry
of the system in order to induce unidirectionality. Secondly retro-reflection of one of
the cavity outputs is shown to fully suppress one of the cavity oscillation directions in
order to induce unidirectional SLM operation. The beam quality and output power of
this system is then improved further by the use of an extra-cavity pass of the intra-cavity
amplifier in a self-intersecting master oscillator power amplifier (MOPA) configuration.
In chapter 5 an investigation of an adaptive gain interferometer is presented. In
this system the interference of two waves within a saturable gain medium is shown to
encode phase modulation information from one wave to the other. This is shown to
allow measurement of high frequency phase modulations (& 10kHz), whilst suppress-
ing lower frequency components. This system is also shown to allow measurement of
two wave mixing strengths from both the gain grating and a coexisting refractive index
grating.
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Chapter 6 presents the theory and a brief experimental investigation into the op-
eration of self-starting self-adaptive laser resonators. A brief theoretical understand-
ing of FWM within a saturable gain medium will be presented, and how the resultant
gain grating can be used to generate a phase conjugate beam. This theory will then
be demonstrated experimentally in a self-pumped FWM experiment showing amplified
phase conjugation of an external seed. This system will then be extended into a self-
starting phase conjugate system where the seed is replaced by a low reflectivity output
coupler. This chapter will be finalised with an experimental investigation of the stabil-
ity of the self-starting self-adaptive laser oscillator to perturbations within the cavity to
demonstrate how the gain grating can adapt to dynamic perturbations of the cavity.
In chapter 7 an investigation into the use of coherent beam combination (CBC)
for power scaling the bounce geometry is investigated. This focuses on the use of self
organised coherent beam combination (SOCBC) where the Nd:YVO4 bounce-geometry
laser modules are combined into a Vernier-Michelson cavity allowing them to self-
organise their operational wavelength onto a subset of spectral modes which coherently
combine into one output beam. The stability of this system to modulation in one of the
cavity arm lengths is then investigated.
Chapter 8 presents the novel technique of phase conjugate self-organised coherent
beam combination (PCSOCBC). In PCSOCBC a Vernier Michelson cavity of the type
detailed in chapter 7 is presented but with the normal laser modules replaced by the self-
starting self-adaptive laser modules presented in chapter 6. This system is investigated
both experimentally and theoretically with the future power scalability of the system
discussed.
All of this work will then be concluded in chapter 9, where a summary of the work
will be presented along with discussion of possible future work.
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Chapter 2
Bounce Geometry Lasers
The aim of this thesis is to develop new laser geometries which allow utilisation of the
inherent self-organisation of laser modes and gain media in order to provide control
of the laser output. Investigation of such systems requires a robust, high power and
quality laser amplifier. One amplifier design which naturally avails itself to such a
specification is that of the diode pumped grazing-incidence bounce geometry [16, 43,
44]. In the bounce geometry a solid state slab is side pumped by a diode bar. The diode
bar produces a horizontally extended, vertically focused inversion region decaying away
from the pump face. In order to match the laser mode to this gain region a grazing
incidence total internal reflection from the pump face is performed. Significant research
effort has been focused on the development of this amplifier geometry [20–24], and
without this prior development the work undertaken in the rest of this thesis would not
be possible.
This chapter aims to provide a solid foundation on which the rest of the work pre-
sented within this thesis is based. This will be accomplished by addressing four main
areas: Firstly, a discussion of the principle of the bounce geometry amplifier; Sec-
ondly a discussion of the implementation specifics of the amplifier geometry, pumping
method and the laser crystal (Nd:YVO4) used; Thirdly, a discussion of thermally in-
duced lensing and how cavity design can compensate for its presence; Followed finally
by a demonstration of how these aspects can be brought together into an experimental
realisation of a bounce geometry laser cavity.
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Figure 2.1: Showing the diode pumping geometry of the bounce geometry amplifier. Also
shown is the total internal reflection of the lasing mode from the pump face.
2.1 The bounce geometry
The bounce geometry is a specific implementation of the more general class of diode
side-pumped slab laser amplifiers, as discussed in 1.2.2. A conceptual implementation
of the bounce geometry is shown in figure 2.1. A diode bar at the pump wavelength is
focused vertically onto the side of a solid-state slab, generating a tight vertical, horizon-
tally spread pumping region. It is generally implemented with crystals of high pump
absorption, leading to a population inversion region concentrated close to the pump face
[43]. A laser mode passing straight through this slab would see a large horizontal gain
asymmetry across the beam, with greatest amplification on parts of the beam closest
to the pump face. In the bounce geometry to give the beam a symmetric small signal
gain the laser mode is set to undergo a grazing incidence total internal reflection from
the pump face, as shown in figure 2.2. This allows symmetric amplification across the
beam profile as well as yielding excellent overlap between the laser mode and the gain
region.
The bounce geometry was originally demonstrated as an amplifier by Bernard and
Alcock [16, 20], where they demonstrated 400 times single pass gains. Considerable
further development has been undertaken, culminating in small signal gains greater than
10,000 being attained [45, p. 56].
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The use of bounce geometry amplifiers has received much interest as their ability
to match a large extended pump region to a small laser mode has allowed high power
amplification of continuous wave [21], Q-switched [46, 47] and mode-locked [22, 23]
sources. The bounce geometry has been shown to be specifically applicable for high
quality amplification as the grazing incidence pass of the gain region is seen to average
over any horizontal spatial gain non-uniformity resulting from the diode bar.
Bounce geometry amplifiers have also been demonstrated in resonator configura-
tions, with high output powers (≈ 20-100W) attainable in continuous wave [17, 21, 24,
43, 48–50], single longitudinal mode (SLM) [51], Q-switched [46, 52–57] and mode-
locked [58, 59] configurations. The high gain and ability to saturate the gain media
has also led to much work involving the bounce geometry amplifier in adaptive lasers,
where gain gratings are written into the population inversion of the laser to allow gen-
eration of phase conjugate outputs [38, 42, 44, 60].
It is important to note that the bounce geometry has been seen to have a great asym-
metry between the thermally induced lens focusing power in the vertical and horizontal,
with the vertical being much stronger. In order to limit the effect of the vertical thermal
lens the bounce geometry is most commonly implemented with a pair of vertical focus-
ing lenses on either side of the gain medium, separated by their summed focal length
[30, 43, 48, 55]. This acts to reduce the effect of the vertical thermal lens as a beam
focussed through the centre of a lens does not experience the focusing power of the
lens.
Across this research there has been a similarity in the use of the grazing incidence
bounce geometry amplifier, but with a variety of different crystal and pumping geome-
tries and in a variety of different gain media. Throughout this thesis one specific imple-
mentation of the bounce geometry utilising 1.1 % atm doped Nd:YVO4 laser crystals,
as developed by our group, is utilised. The details of this specific implementation will
now be discussed.
2.1.1 Crystal geometry
Figure 2.2 shows a schematic of the 14◦ crystal geometry which is used throughout this
thesis. The crystal has dimensions of 20 mm × 5 mm × 2 mm. The two 5 mm × 2
mm faces, where the laser mode enters and exits the crystal, are AR coated at 1064nm,
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Figure 2.2: Schematic showing the details of a 14◦ crystal
polished to λ/10 and angled at 14◦ to reduce parasitic oscillations. The 20 mm× 2 mm
front pump face is polished to λ/8 and anti-reflection (AR) coated at the pump wave-
length of 808nm. The top and bottom 20 mm× 5 mm faces are polished to a reasonable
surface flatness, but not to the stringent criteria suitable for optical transmission. This
polishing is performed so that the crystal is flat enough to make a good contact to the
water cooled copper block for heat removal.
Initial work on bounce geometry lasers (BGL) by our group identified that an inter-
nal bounce angle (θint) of 7◦ was optimum for high efficiency extraction of the popu-
lation inversion into the optical field [43]. This 14◦ crystal geometry was designed to
utilise an ≈ 7◦ internal bounce angle with the external beam propagating parallel to the
surface pump face.
2.1.2 Diode pumping geometry
Implementations of the bounce geometry utilised throughout this thesis involve the use
of conduction cooled 808nm diode bars of up to 50W pump powers. These diode bars
are constructed from ≈ 19 single diode emitters arranged in a horizontal stripe [13].
The diode bars are collimated in the fast axis (vertical) whilst being allowed to diverge
in the horizontal. They are TM polarised, so that the emission is vertically polarised,
which matches with the high pump absorption coefficient of the c-axis of Nd:YVO4
laser crystal. The emitters are packaged into a conduction cooled gold-plated copper
block by the manufacturer. These packaged diode bars are mounted onto a water cooled
copper block which is attached to a water chiller capable of maintaining coolant tem-
peratures between 0-50◦C to an accuracy of ±0.1◦C [61]. The heat flow across the
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boundary between the packaged diode and the copper block is improved through the
introduction of a thin piece of indium foil. The malleable nature of indium allows
an improved thermal contact by compensating for the non-uniformities in the surface
flatness of the cooling block and diode package surfaces. In the bounce geometry the
diode bar used must ideally have small discrepancy between the vertical height of each
constituent laser diode emitter. A ’smile’ on the pump diode bar reduces the ability of
any one laser mode to efficiently extract the gain from the medium, thus reducing the
efficiency of the amplifier.
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Figure 2.3: Horizontal beam profiles of a diode bar at (a) 40mm and (b) 150mm from the
diode emission plane. At distances close to the pump diode a relatively top-hat emission profile
is seen. At distances above ≈100mm the horizontal profile becomes relatively Gaussian in
nature, as shown by the fitted Gaussian profile shown as a red line in figure (b). This data is
reproduced here by permission of S. Chard.
The resultant pump profile emitted by these diode bars is predominantly Gaussian
in the vertical direction and is collimated in the vertical by a lens attached to the front of
the diode bar. In the horizontal (slow axis) the diode bar is allowed to diverge. Figure
2.3(a) shows the horizontal emission profile 40mm from the exit face of the diode bar.
This shows that in the near field the diode bar provides a top-hat pump profile. Figure
2.3(b) shows the horizontal emission profile at 150mm from the exit face of the diode.
At distances above ≈100mm it is seen that the horizontal emission profile of the diode
bar is relatively Gaussian in nature.
Higher power diode bars, and stacks, do exist (& 60W at 808nm), but have until
recently required micro-channel water cooling around the individual diode emitters.
This adds additional complications to the heat management as the cooling water must
be high pressure as well as ion and particulate free. These additional stipulations make
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for more complicated systems which are less rugged and more expensive to implement.
Higher output powers have been demonstrated using such diode bars and stacks, but
with slightly reduced beam qualities and efficiencies [21]. Higher power diodes are
also likely to put a higher strain onto the crystal due to the thermal loading potentially
leading to damage of the laser crystal. For these reasons the 50W conduction cooled
diodes were used in preference of the higher power micro-channel cooled diodes.
2.1.3 Thermal management
Watercooled
copper base
Copper 
spacing plate
Laser Crystal
Copper 
top plate
Indium foil
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Figure 2.4: Schematic showing the break apart of the mount used for transverse cooling a
bounce geometry laser crystal
Operation of any laser will inherently lead to generation of heat within the laser
crystal. This can lead to various undesirable properties and eventual damage to the
crystal if not efficiently managed. The standard method for cooling a bounce geome-
try laser crystal is to sandwich it vertically between two water cooled copper blocks.
This is commonly referred to as transverse cooling as the primary vector of heat flow is
perpendicular to the plane of the laser mode and the pump light distribution, i.e. verti-
cally. In the implementation used throughout this thesis the copper block has a u shaped
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water channel running underneath the crystal, as shown in figure 2.4. Sturdy connec-
tion to the crystal, required for heat conduction and stability, is ensured as the copper
block is made from three pieces which are clamped over the crystal. A thin layer of
indium foil is used between the top and bottom of the crystal and the copper block. In-
dium’s malleable nature allows it to compensate for the deformities between the surface
uniformity of the copper block and the laser crystal, allowing a good thermal contact.
Additionally it is almost certain that copper and the laser crystal used will have different
coefficients of thermal expansion, thus the malleable indium allows good thermal con-
tact even when the crystal and copper change their relative size. This transverse cooling
of bounce geometry crystals will be used exclusively throughout the experimental work
of this thesis.
2.1.4 The Nd:YVO4 laser crystal
Bounce geometry solid-state lasers have been constructed with a range of different host
materials [21, 48, 50, 54, 55, 62]. One of the most widely used solid state laser active
ions is Neodymium (Nd), which is most commonly doped into a YAG host [63–65].
This material has proven to be very successful as it offers four level lasing at 1064nm
with substantial small signal gains, whilst having a wide pump absorption band allowing
efficient flashlamp pumping. For the investigations undertaken throughout this thesis
using Nd3+ as a laser active ion is a sensible choice as it is a highly developed and
well understood laser active ion, with a wide availability of suitable pump diodes and
host crystals. The choice of host material is not so clear cut as although YAG hosts
are much more common, vanadate crystals, such as Nd:YVO4 and Nd:GdVO4, have
proven to be especially suitable for bounce geometry lasers as they benefit from higher
pump absorption and stimulated emission cross sections. Throughout this thesis it was
elected to use Nd:YVO4 as the laser active crystal. In order to justify this choice the
relative merits of Nd:YAG, Nd:YVO4 and Nd:GdVO4 will be discussed, with specific
emphasis on their benefits for use in a bounce geometry amplifier.
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Nd:YVO4 Nd:GdVO4 Nd:YAG
1.1% 1.2 at.% 1.1%
Thermal conductivity κc 5.23 11.7 14
(Wm−1K−1) κa 5.10 11.4
Specific heat capacity
CP 0.8 1.0 0.59(kJkg−1K−1)
Density
ρ 4.24 5.47 4.56
(gcm−3)
Thermal expansion coefficient αTc 8.4 7.3 8.2
(10−6K−1) αTa 2.2 1.5
Absorption coefficient αc 31 78 8
@808nm (cm−1) alphaa 10 40
Lifetime
α 90 90 230
(µs)
Stim. emission cross-section σc 11.4 7.6 2.8
@1064nm (10−19cm2) σa 4.4 1.2
Refractive index nc 2.16 2.19 1.82
@1064nm na 1.95 1.97
dn/dT dnc/dT 3.0 4.7 7.3
@1064nm (10−6K−1) dna/dT 8.6 6.9
Table 2.1: Detailing the physical, spectroscopic and optical properties of Nd:YVO4,
Nd:GdVO4 and Nd:YAG [66–70]
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Spectroscopic Properties
The spectroscopic properties of the crystals considered (Nd:YVO4, Nd:GdVO4 and
Nd:YAG) is primarily given by the doping ion, but these parameters can be perturbed
quite significantly by the host. The most important spectroscopic properties of a poten-
tial laser gain media are the energy levels and transitions.
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Figure 2.5: Energy level diagram of the Nd ion showing the main pumping (blue) and lasing
(red) transitions for Nd:YAG [71].
The trivalent Nd3+ ion is common to the three gain media under examination. Fig-
ure 2.5 shows the spectroscopic energy level diagram with the standard laser transi-
tion wavelengths for Nd:YAG overlaid. The ion is commonly optically pumped at
808nm exciting electrons from the 4I9/2 ground-state level into the 4F5/2 level. Fast
non-radiative transitions depopulate this upper pumping band into the, metastable, up-
per laser level 4F3/2 level. Radiative decay from this upper lasing level can occur into
one of four levels with characteristic wavelengths, as shown in figure 2.5. Once in
these lower lasing levels fast non-radiative transitions depopulate electrons back into
the 4I9/2 ground state. Transitions at 1064nm, 1123nm and 1319nm coupled with fast
non-radiative decays into the ground state complete a four level laser system. The tran-
sition rates within the Nd3+ ions dictate the relative emission strengths of these different
wavelengths. The upper laser level depopulating transition with the highest probabil-
ity is the 1064nm transition to the 4I11/2 level, and as such this is the most prevalent
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emission wavelength, and the most common lasing wavelength of Neodymium based
lasers. Laser oscillation on the other transitions is possible, but requires suppression of
the 1064nm line, usually through selection of appropriate dichroic mirrors [56, 72, 73].
The absorption and emission spectra of the Nd3+ ions are perturbed by the host
material due to changes in the stress and strain of the crystal lattice. Table 2.1 shows
the key parameters of absorption coefficient (α), at 808nm pumping, the upper-state
lifetime (τ ) and the stimulated emission cross section of the three potential host mate-
rials. The most notable perturbation the host material exhibits on these parameters is
due to the natural birefringence of the two vanadates (YVO4 and GdVO4). Nd:YAG is
an isotropic gain medium and as such behaves identically in all directions, whilst the
two vanadates have distinct crystal axis which perturb the physical, spectroscopic and
optical properties differently along these axis.
The absorption coefficient dictates over what depth the pump radiation is absorbed,
with a higher absorption coefficient leading to a greater population inversion density
close to the pump face. The larger absorption coefficient of Nd:GdVO4 and Nd:YVO4
will give a larger population inversion close to the pump face, which is good for use in
the bounce geometry, but will also lead to higher density thermal loading and increased
non-linear radiative processes such as excited state absorption (ESA) and Auger up-
conversion.
The continuous wave threshold of a laser is determined by two parameters, that of
the upper-state lifetime and the stimulated emission cross section. Nd:YAG has a larger
upper-state lifetime, but a smaller stimulated emission cross-section than Nd:YVO4 and
Nd:GdVO4, and as such they will all exhibit a relatively similar threshold, with the high
stimulated emission cross section of Nd:YVO4 giving it the lowest threshold of the
three. The high stimulated emission cross section of Nd:YVO4 will also give it a higher
small signal gain level than the other two lasers making its operation specifically suited
to use in adaptive lasers where small signal gains are important for writing gain gratings.
Another operational parameter dictated by these properties is the pulse energy output,
which is ultimately limited to the energy storage of the medium. The long upper-state
lifetime of Nd:YAG allows larger energy storage per volume than either of the vanadate
hosts and as such allows much greater pulse energies.
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Physical properties
As well as the spectroscopic properties of a crystal, it is also important to consider the
physical parameters as they will dictate whether the laser crystal is of practical use.
There are two distinct types of physical properties which are important to consider with
reference to the performance of laser active crystals. The first are those that relate to the
ability to work with the material, properties such as hardness and material toughness
which define whether a crystal is going to fracture under stress. The second important
properties are related to the crystals thermal management. The three crystals detailed
in table 2.1 all have suitable hardness and toughness to resist optical damage up to
moderate pump powers (≈ 100W) and as such it is the thermal properties that will
dictate which crystal is preferable for laser operation in the bounce geometry.
The key physical properties detailed in table 2.1 are those which define the temper-
ature related behaviour of the crystal, being the thermal conductivity (κ), the specific
heat capacity (CP ), the density (ρ) and the thermal expansion coefficient (αT ). These
key properties define the performance of the material.
ρCp
∂T
∂t
= ~∇.[~k.~∇T ] +Q (2.1)
Equation 2.1 is the heat diffusion equation, where T is the temperature, t is time
and Q is a heating term, which varies across the crystal. This defines the spatial tem-
perature distribution within a laser crystal under heat loading by optical pumping. This
shows that the important steady state parameter is the thermal conductivity, κ, with the
additional parameters ρ and CP defining the time dependent behaviour. The thermal
expansion coefficient is also of importance as this defines the deformation of the crystal
under heating and can lead to thermal bulges which distort the wavefronts as well as
eventual optical fracture due to the stresses within the crystal at high pumping levels.
Table 2.1 shows that Nd:YAG has a higher thermal conductivity than Nd:YVO4 and
Nd:GdVO4 and as such should maintain lower temperatures, and temperature gradients
across a pumped crystal. A more detailed analysis of the effect these parameters have
on lasing within bounce geometry lasers will be presented in chapter 3 where a full
3D analysis of the temperature distributions within laser crystals and their effect on the
thermal lenses is presented.
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Optical properties
Two optical properties are very important when considering the incorporation of a laser
gain media within an optical cavity, these are the refractive index and the thermo-optic
coefficient (dn/dT ) at the laser wavelength. A pumped laser crystal will develop a
thermal distribution dependent on the crystals physical properties, which in turn will
modulate the refractive index of the gain medium. Due to the heat source being the
pumping mechanism this thermal lens will inherently be positive and overlapping with
the laser mode. As the thermal lens changes the cavity stability it is generally preferable
to use a laser media with low thermo-optic coefficients as this limits the strength of the
thermal lens. Table 2.1 shows the refractive indices and thermo-optic coefficients for
the three laser crystals under consideration. As lasing is preferable along the c axis
of both Nd:YVO4 and Nd:GdVO4 due to the higher stimulated emission cross sections
both of these crystals offer a lower thermo-optic coefficient than Nd:YAG. So despite
the two vanadate crystals having lower thermal conductivities the lower thermo-optic
coefficient reduces. An additional advantage of the vanadate crystals is again due to
their natural birefringence, which eliminates thermally induced depolarisation losses,
as the laser will operate with its polarisation matched to the crystal c axis.
Relating these material properties to the bounce geometry
It has been seen that although Nd:YAG has the highest thermal conductivity it is let
down by its spectroscopic properties for operation in the bounce geometry for which the
vanadates have superior characteristics. The natural birefringence of the two vanadate
crystals promotes naturally polarised emission due to the relative asymmetries in the
stimulated emission cross sections and the refractive indices. As the refractive indices
are different in the two dimensions, by cutting a crystal along the c axis vertical and
horizontal emission can be distinguished by an external cavity as they will exit the
crystal at a different angle. Additionally the emission from the two vanadate crystals
will be immune to stress induced birefringence as the lasing will already be polarised
along one of the crystal axis.
For implementations of the bounce geometry it is important to have a gain region
concentrated along the pump surface as having an extended region, as in YAG, will
reduce the overlap of the gain region with the cavity modes, reducing the efficiency and
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beam quality of the output radiation.
Much of this work within this thesis is based on the writing and reading of non-
linear gain gratings, for which it is important to have a high small signal gain. For
this reason Nd:YVO4 and Nd:GdVO4 offer great advantages over Nd:YAG as they have
much higher stimulated emission cross sections and much higher absorption coeffi-
cients. Both of the vanadate crystals offer advantages over the YAG host for implemen-
tations of the bounce geometry, and especially when considered for oscillators requir-
ing the writing of gain gratings. Both of the vanadate crystals would be suitable for the
work undertaken in this thesis. The Nd:YVO4 laser crystal was chosen in preference as
it offers a slightly higher stimulated emission cross section than Nd:GdVO4, and it was
more readily available.
2.2 The thermal lens
The development of high average power solid state lasers has been a continual battle
between design and the inherent effects due to temperature gradients present within the
laser crystal. Most notably the heat loading within a laser crystal will inherently lead
to thermally induced lenses, and aberrations. In order to design lasers which limit the
detrimental affects of this thermally induced lens it is important to first understand the
origin of the heat generation within the laser crystal and the strength of the resultant
thermally induced lenses.
2.2.1 Heat generation
Laser action requires pumping of electrons from a ground state level to a higher level,
be it by electrical or optical means. In optical pumping a specific wavelength tuned to a
specific electrical transition is used to create a population inversion. The lasing optical
emission will necessarily be at a longer wavelength than the pump transition, with the
difference in energy between these two wavelengths deposited into the crystal by fast
non-radiative transitions. These non-radiative transitions act to heat the crystal inducing
stress, strain and a thermally induced lens to the laser crystal. Quantum defect heating
is an important factor to consider in the design of laser systems as it adds design criteria
to the removal of heat from the laser active media as well as well as management of
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the thermal lens resulting from the temperature distribution and the temperature depen-
dence of the refractive index of the laser media. In Nd:YVO4, with a pump wavelength
(λP ) of 808nm and a laser wavelength (λL) of 1064nm the fraction of pump energy
which is converted to heat via the quantum defect (η) is
η =
EP − EL
EP
= 1− λP
λL
= 0.24, (2.2)
where EP is the energy of the pump photon and EL is the energy of the photons at the
lasing wavelength. The quantum defect is generally the dominant mechanism causing
heat generation within a laser cavity, but is not the only mechanism. Other mechanisms
which scale as the square of the pump power can become important at higher pump
powers. Mechanisms such as Auger upconversion, excited state absorption (ESA) and
cross relaxation can all lead to increased heat loading of a laser crystal.
Ion 1 Ion 2
(b)
Ion 1 Ion 2
(c)
Ion 2
(a)
Figure 2.6: (a) Excited state absorption of a photon raising an upper-state electron into
a higher energy level (b) cross relaxation de-population of the upper laser level. (c) Auger
upconversion of two laser ions de-populating the upper laser level
In ESA, as shown in figure 2.6a, a photon in the upper laser level absorbs a pump
photon, transitioning the electron into a higher laser level. This will scale as the product
of the upper-state population density and the pump density and as such can become an
important factor in gain media where laser action is not present. In cross relaxation one
electron in the upper state, and one in the ground state, exchange energy transitioning
themselves to some energy level between their starting levels, as shown in figure 2.6(b).
Finally in Auger upconversion, as shown in figure 2.6(c) two electrons in the upper laser
level transfer their energy such that one of them moves to a higher electronic state and
one relaxes to a lower one. All of these mechanisms leave electrons in states which are
not involved within the laser transition. These electrons will decay back to the ground-
state via a series of radiative and non-radiative transitions which will change the thermal
Chapter 2. Bounce Geometry Lasers 55
loading of the laser crystal.
All of these mechanisms are generally dealt with as secondary effects in compari-
son to the quantum defect heating as they are non-linear processes which scale as the
square of the pump intensity. In the bounce geometry where high pump intensities and
population inversions exist these effects have been seen to become important [74–76],
and as such must be considered for cavity design.
2.2.2 Lenses
The temperature distribution which is present within a gain medium can lead to ther-
mally induced lensing within the gain medium. Three mechanisms exist which translate
this temperature distribution into a thermally induced lensing as experienced by the cav-
ity mode. Firstly, in most laser geometries the pump radiation and the cavity mode is
centred into the gain region in order to maximise the gain extraction. This leads to
the gain medium being hotter in the centre of the cavity mode than at the edges. The
thermo-optic change in the refractive index (dn/dT ) leads to an increase in the optical
path experienced at the centre of the cavity mode, which over the accumulated length
of the gain medium can lead to a thermally induced lens. Secondly, thermal expansion
of the crystal can lead to bulges in the crystal faces, especially those though which the
pump radiation is incident. This can lead to an axial dependence on the path length seen
across a cavity mode and as such can lead to thermally induced lens. Thirdly, the stress
induced into the crystal by the thermal expansion of the crystal can lead to photo-elastic
changes in the refractive index of the material once again leading to thermally induced
lensing. It is believed that in an Nd:YVO4 bounce geometry laser the dominant mecha-
nism generating the thermal lens is due to the thermo-optic dependence of the refractive
index [74, 75]. The heat transfer and effect on the thermal lens within the laser crystal
will be investigated in much greater detail chapter 3.
2.3 Bounce geometry laser cavities
For a laser to operate it requires two elements, an optical amplifier and a resonant cav-
ity. For the amplifier to act as a laser the cavity must resonate the optical field, allowing
reproduction of the mode on each round trip. For most lasers it is preferential that the
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lowest order transverse mode (TEM00) is the dominant output, as this mode has the
lowest beam divergence and highest focusable intensities. Design of an optical cavity
which can efficiently extract the gain into this TEM00 mode requires an understanding
of the mode structure within the resonator. In order to develop high power TEM00 res-
onators this theoretical understanding must include the influence of the inherent variable
strength thermal lens.
2.3.1 Cavity stability
The stability of optical resonators has been heavily investigated [77–79] with many
types of resonator developed. The cavity stability discussion here is focussed onto the
broad class of resonators which are most commonly employed with solid-state ampli-
fiers, where two mirrors, either spherical or flat, face each other to surround an amplifier.
One of these mirrors will be partially transmissive such that it forms the output coupler
of the cavity. As has been discussed, a thermally induced lens will inherently exist in
a laser operating above threshold and as such discussion of the cavity stability must
include the affect of a variable strength lens within the gain medium.
For TEM00 operation the stability of a Gaussian mode repeating through the cavity
must be considered. For this it is convenient to describe two parameters
g1 = 1− L2
f
− L
′
R1
, (2.3)
g2 = 1− L1
f
− L
′
R2
, (2.4)
where L’ is the effective cavity length, and given [77, 80] by
L′ = L1 + L2 − L1L2/f, (2.5)
where L1 is the distance from the centre of the amplifier to the back mirror and L2
is the distance from amplifier centre to the output coupler [77, 80], such that the total
cavity length L = L1 + L2. R1 and R2 are the radius of curvature for the back mirror
and the output coupler respectively [77, 80] and f is the focal length of the intra-cavity
idealised thin lens at the centre of the gain region. Stable cavity solutions, in which a
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self-reproducing Gaussian mode is possible, are defined for g parameters where
0 ≤ g1g2 ≤ 1. (2.6)
This formalism contains terms related to cavities containing an intra-cavity lens,
as this becomes important when considering real amplifiers with thermal lenses, but is
equivalent to the more familiar g [79, p744-748] parameters when f =∞.
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Figure 2.7: (a) Stability curves for the g1 and g2 parameters. The stable region is shaded
in grey and lines indicating the stability of symmetric (dashed) and asymmetric (solid) cavity
under increasing thermal lens strength are shown. (b) Cavity diagrams showing the cavity
mode size at the critical stability points indicated in figure 2.7(a)
Figure 2.7(a) expresses the stable regions described by equation 2.6 as the shaded
area denoted zone I and II. Any cavity design where the product of the g parameters fall
within zones I or II will be stable to oscillation of a Gaussian mode.
The presence of a gain region in the resonator introduces a thermal lens to the cavity.
The strength of the thermal lens is a function of the pump power, causing the stability
of the resonator to vary dependent on the pump power.
Figure 2.7(a) shows two straight lines which represents the variation in the stability
of a plane plane resonator over variation of the pump power, and subsequent thermal
lens strength. The dashed line represents a symmetric cavity in which the gain region,
and thus thermal lens, is placed at the centre of the cavity. The solid line represents an
asymmetric cavity where the gain region is closer to the back mirror of the cavity than
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the output coupler. As the thermal lens increases in strength the stability of the cavities
moves along their respective lines. In the symmetric case (dashed) the resonator starts
stable where the thermal lens has no strength (point 1) and remains so until the thermal
lens gets strong enough to focus the cavity mode onto the back mirror and the output
coupler simultaneously. This situation designates the exit of the second stability zone,
where the cavity is no longer stable.
In the asymmetric case (solid) as the thermal lens increases it reaches a point where
the thermal lens focuses onto the mirror in the longer arm, at this point the cavity passes
into an unstable region. As the pump power is increased the thermal lens becomes
stronger until it can focus the mode onto the shorter cavity arm mirror, at this point the
cavity enters the second stability region. As the pump power is increased further the
thermal lens will eventually focus the laser mode onto both the cavity mirrors, at which
point the cavity leaves the second stability zone and becomes unstable.
Figure 2.7(b) shows an illustration of the focusing conditions of the transverse mode
size for four increasing thermal lens strengths relating to the critical points shown in fig-
ure 2.7(a). Figure 2.7 (b1) shows the mode structure where the thermal lens is negligible
and the cavity operates as a plane plane resonator. Figure 2.7(b2) shows the mode struc-
ture where the thermal lens acts to focus the mode onto the output coupler, this marks
the exit of the first stability zone. Figure 2.7(b3) shows the mode profile when the ther-
mal lens focuses onto the shorter arm length back mirror bringing the cavity back into
the stability region zone II. Figure 2.7(b4) shows the thermal lens strength where the
it focuses onto both the output coupler and the back mirror and represents the cavity
becoming unstable as it moves out of the second stability zone.
For any planar-planar resonator with an idealised thin thermal lens reproducing
Gaussian cavity modes do exist, and are stable over specific pump power ranges. How-
ever, the criteria discussed up to this point do not dictate that stable TEM00 output will
be observed as many other cavity modes will be stable within the same regions and
competing for the same gain. For TEM00 emission it is important that no other trans-
verse cavity mode can reach threshold. For most cavity designs this will occur naturally
at low pump powers, where the population inversion available is only sufficient for one
cavity mode to oscillate. However at higher pump powers many other cavity modes
can reach threshold and they will all lase in order to fully extract the available gain. In
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early laser cavities TEM00 operation was often selected through use of intracavity aper-
tures placed to restrict the cavity path of all but the TEM00 mode [17]. This technique
has been successfully employed, but is not ideal as it limits the total output power and
efficiency of the laser. To maintain higher efficiencies and output power with TEM00
operation another, more natural, approach can be taken. By designing a cavity in which
the TEM00 mode size within the gain region has the same spatial extent as the gain re-
gion, the TEM00 mode is able to fully extract the population inversion. This stops any
other cavity mode from reaching threshold, ensuring TEM00 operation.
Analysis by Magni [77] showed that the beam size at the gain medium for a range
of thermal lens strengths could be calculated. The spot size of the Gaussian mode at the
plane of the gain medium (w3) and idealised thin thermal lens given by
w23 =
λ
pi
|2xu1u2 + u1 + u2|
[(1− g1g2) g1g2]1/2
, (2.7)
where
u1,2 = L1,2
(
1− L1
R1
)
, (2.8)
x =
1
f
− 1
L1
− 1
L2
. (2.9)
Figure 2.8 shows a plot of equation 2.7 as a function of the dioptric power (1/f )
of the thermally induce lens for an asymmetric laser cavity. The two stable regions are
shown as areas where the the Gaussian mode has a finite width. There is an unstable
region between the two zones where there are no real solutions. For TEM00 operation
of the laser cavity it is important that no higher order modes can reach threshold, this
occurs when the TEM00 mode can fully extract the gain region. A hypothetical gain
region placed within this cavity of width wg must be matched in size to the TEM00
cavity mode. Figure 2.8 shows that there are four thermal lens strengths at which the
gain medium width wg is equal to the TEM00 mode size, once at the beginning and end
of each stability zone. At these points the TEM00 mode size can fully extract the gain
suppressing higher order cavity modes. It is thus possible to design a high power laser
cavity which will operate in a TEM00 mode by setting the cavity arm lengths (L1 and
L2) such that the mode size is matched to the gain size at the required pump power.
Prior investigation in our group has seen that although it would be possible to design
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Figure 2.8: Plot of the mode size in the plain of the gain region for a linear asymmetric
cavity as a function of the dioptric power of the thermal lens.
both symmetric and asymmetric cavities which match the pump region to the mode
size, asymmetric cavities based on operation at the entrance of the second stability zone
produce higher beam qualities. Further numerical investigation into why this is so will
be presented in section 3.8.1
2.3.2 Compact symmetric cavity
Information detailing stable cavity design and the bounce geometry laser amplifier have
now been presented. Bringing all of this together allows the design and construction of
a bounce geometry laser, which will now be discussed.
Figure 2.9 shows the schematic setup of a symmetric bounce geometry cavity. The
14◦ 1.1% at. Nd:YVO4 crystal is side pumped by a 50W 808nm diode bar. This diode
bar is focused onto the the crystal pump face by a 12.7mm vertical cylindrical lens
(VCLD) to generate an approximately 10mm × 100µm full width half max (FWHM)
pump profile. The crystal is mounted in the transverse cooling geometry as discussed
section 2.4. The crystal is a-cut with its c-axis aligned vertically to utilise the high
pump absorption along this axis, resulting in an absorption depth of ≈ 300µm. The
crystals vertical spontaneous emission coefficient is roughly three times the horizontal
coefficient. This leads to primarily vertically polarised emission. The cavity is vertically
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Figure 2.9: Schematic showing the symmetric bounce geometry cavity where the distance
from the amplifier centre to the output coupler and the back mirror are equal (L1 = L2).
coupled into the gain region by two 50mm vertical cylindrical lenses (VCL1,2) placed
≈ 55mm from the crystal centre to account for the refractive index of the crystal. These
act to vertically focus the laser mode through the gain region, negating the effect of the
vertical thermal lens. At this point it is worth clarifying the definition of a VCL, in that
the focusing takes place in the vertical plane, but the cylinder has a horizontal axis and
a horizontal line focus is produced. This is at odds with the standard ophthalmology
notation, but is used here as it is the convention observed by many bulk laser papers,
especially those utilising the bounce geometry [30, 43, 48, 55]. The cavity built around
the gain region consists of a high-reflectivity (HR) back mirror and a partially reflective
output coupler (OC). The output coupler and back mirror are placed as close to the two
cavity lenses as possible forming a cavity 13.5±0.5cm in length, with symmetric arm
lengths.
The symmetric cavity was seen to run relatively TEM00 at very low pump powers,
but at powers over a few Watts to run highly multimode in the horizontal. The verti-
cal beam profile maintained itself over the pumping range, due to the negation of the
thermal lens through the vertical focusing through the gain region.
Figure 2.10(a) and 2.10(b) show the output power and optical to optical efficiency
respectively, of the symmetric bounce geometry cavity for a range of OC reflectivi-
ties. The 33% reflectivity OC demonstrated the highest output power and efficiency
of 28.7W from 50.0W of pump power, representing an optical-to-optical efficiency of
57.5%. The 50% and 60% OC reflectivities performed marginally worse with maximum
output powers of 28.0W and 27.9W respectively and a reduced slope efficiency. There
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Figure 2.10: (a) Output power of a symmetric bounce geometry cavity with three different
reflectivity output couplers. (b) Efficiency of a symmetric bounce geometry cavity with three
different reflectivity output couplers.
is little variation in the threshold for these three reflectivity output couplers, and as
our work is focused on operation at high powers the 33% reflectivity was the optimum
choice. The optical to optical efficiency of this cavity is shown to be very high, sugges-
tive of high spatial overlap between the cavity modes and the gain region, although this
cavity geometry does not allow high power TEM00 operation.
A Findlay-Clay analysis of this system was attempted in order to ascertain the intra-
cavity losses, but the small range of output coupler reflectivities and similar perfor-
mance across all of those available led to uncertainties too large to form a useful con-
clusion.
2.3.3 Asymmetric cavity
As discussed in section 2.3.1 an asymmetric cavity design dictates that four specific
pump powers exist which will match the gain size to the cavity mode size promoting
TEM00 operation.
Figure 2.11 shows the schematic setup for the asymmetric bounce geometry cavity.
The cavity is essentially the same as the symmetric cavity discussed in section 2.3.2 but
with the two arm lengths, L1 and L2, of different lengths, in this case of 258mm and
500mm respectively. As the horizontal thermal lens reaches a focal length equal to the
front arm length (L2) the cavity leaves the first stability region and becomes horizontally
unstable. The cavity remains unstable until the focal length of the thermal lens equals
the length of the back arm length (L1). TEM00 operation in the second stability zone
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Figure 2.11: Schematic showing the asymmetric bounce geometry cavity.
is possible when the thermal lens is such that the size of the cavity mode at the gain
medium equals the size of the gain region itself. This allows TEM00 operation as this
low order mode can fully extract the gain, suppressing higher order transverse modes.
Figure 2.12 shows the output power and optical to optical efficiency under variation
in pump power of the asymmetric bounce geometry cavity discussed. Up to pump
powers of ≈ 32W the cavity operates in the first stability region. Between ≈ 32-46W
the cavity is unstable in the horizontal, as seen by the drop in efficiency and output
power, and reduction in the quality of the output spatial mode. At higher pump powers
the cavity enters the second stability zone, regaining efficiency and output power. At
50W of pump power the strength of the thermal lens matches the size of the cavity mode
to the gain region causing TEM00 operation.
Figure 2.13 shows the spatial output mode of the asymmetric laser cavity at pump
powers of (a) 6.25W, (b) 20.7W, (c) 38.1W and (d) 49.1W. Comparing these output
profiles with the power curve shown in figure 2.12 to the cavity stability diagram, figure
2.7, demonstrates the link between the theoretical and experimental behaviour of the
laser cavity. Figure 2.13 shows operation in the beginning of the first stability zone,
where only the TEM00 mode can reach threshold. As the pumping is increased figure
2.13b shows the situation where the TEM00 cavity mode, due to the increased thermal
lens, has become smaller than the gain region. Leaving unextracted gain which allows
other, higher order, spatial modes to reach threshold. Figure 2.13c shows the output
emission whilst the cavity is unstable in the horizontal between the two stability zones.
Emission is still seen, although at a reduced efficiency, as the cavity remains stable
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Figure 2.12: Showing the output power and the optical to optical efficiency of the asymmet-
ric bounce geometry cavity.
Figure 2.13: Showing the near-field beam profile of the output from the asymmetric cavity
at pump powers of (a) 6.25W (b) 20.7W (c) 38.1W (d) 49.1W. a and b show operation in the
first stability zone, c shows operation when horizontally unstable and d shows operation in the
second stability zone.
Chapter 2. Bounce Geometry Lasers 65
in the vertical and experiences very large small signal gains. As the pump power is
increased further the second stability zone is reached, with emission profile shown in
2.13d. The emission returns primarily to a TEM00 mode profile as the cavity mode size
is matched to the gain region.
(a) (b)
Figure 2.14: (a) M2 data for the asymmetric laser cavity operating at 23.5W output (b) M2
data of the same output with an extra-cavity horizontal slit aperture limiting the output power
to 20.0W
The spatial profile shown in figure 2.13d of the second stability zone TEM00 beam
contains a small side lobe which unfortunately reduces the beam quality slightly. Figure
2.14(a) shows the knife edge beam width in the horizontal and vertical of the 23.5W
output from the asymmetric cavity moving through an imposed focus. Fitting to an
M2 function showed a beam quality of 1.93 in the horizontal and 1.08 in the vertical.
This lobe causes quite a dramatic reduction in the beam quality of the output, but can
easily be removed by an aperture. Figure 2.14(b) shows a similar beam width through
imposed focus M2 trace, showing an improvement in the horizontal beam quality to
M2=1.27. Unfortunately in the cavity shown the side lobe contained≈ 14 % of the total
output power, so although the clipping reduced the horizontal M2 from 1.93 to 1.27 it
also reduced the power from 23.5W to 20W.
2.4 Summary and conclusion
This chapter aimed to introduce the bounce geometry laser amplifier, and oscillator,
in order to provide a sound foundation from which to build the experimental work
that composes the rest of this thesis. This has encompassed a discussion of the diode
pumped solid-state bounce geometry amplifier and how this allows efficient matching
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of the laser mode to the inversion region. A discussion then followed of the thermal
management of the laser crystal, and how conductive cooling can be used to remove
heat from the laser crystal into a water cooled copper block. This then culminated with
a discussion of the Nd:YVO4 laser crystal and how its high stimulated emission cross
section and its strong pump absorption make it a suitable candidate for use in a bounce
geometry laser amplifier.
Once a description of the bounce geometry amplifier was complete a discussion
of the cavity stability under variation in the thermally induced lens strength was pre-
sented. Implementations of these ideas were then demonstrated experimentally utilising
a Nd:YVO4 bounce geometry laser amplifier. It was shown that by design of an asym-
metric laser cavity and operating in the second stability zone it was possible to generate
a laser output of 20.0W with high beam quality and efficiencies.
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Chapter 3
Thermal Modelling of Bounce
Geometry Lasers
Power scaling of high beam quality solid-state laser systems is generally limited by
thermally induced lenses and aberrations present within the laser crystal. Thermal load-
ing is inherent in any laser crystal due to the requirement that pump radiation must be
at a shorter wavelength than the laser wavelength, with the energy difference deposited
as heat. In order to improve laser performance it is important to understand how the
operational parameters of the laser geometry can be adjusted in order to reduce the
strength of the thermal lens and the aberrations. Numerical, theoretical and experimen-
tal investigations into the thermal lensing within many solid-state laser systems have
been reported [25, 81–87], with research into the thermally induced lensing within the
bounce geometry recently gaining more attention [74, 75, 86, 88, 89].
In this chapter a numerical approach is taken to understand the behaviour of the ther-
mal lens within a bounce geometry laser amplifier, with the goal of developing models
which allow investigation of the thermally induced lens strengths as a function of var-
ious operational parameters of the bounce geometry amplifier. A full anisotropic finite
element analysis (FEA) numerical model and an approximated analytical model are de-
veloped, which are used to predict the thermal lens strengths and aberrations within
practical bounce geometry laser systems. These models are then used to optimise the
design parameters of the bounce geometry amplifier and to investigate future design
directions such as the use of face-cooled amplifier crystals and potential new amplifier
geometries. Direct application of the thermal models to specific real-world implemen-
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tations are also reported. The thermal lens modelling is also used to explain nuances of
the experimental cavity stability within the bounce geometry amplifier.
3.1 Thermal modelling of laser crystals
The theoretical analysis of the thermal lensing within laser amplifiers began with inves-
tigation into optically pumped rod lasers [25], with side and end-pumped analysis fol-
lowing [90]. Investigation of the strength of the thermally induced lens within a bounce
geometry amplifier have been performed by a number of authors [74, 75, 81, 88, 89]
3.1.1 Heat diffusion equation
The heat diffusion equation governs the flow of heat through a solid, and can be ex-
pressed as
ρCp
∂T
∂t
= ~∇.[~κ.~∇T ] +Q, (3.1)
where ρ represents the density, Cp the specific heat capacity, T the temperature, ~κ the
thermal conductivity and Q is the thermal loading, which in the case of a laser active
media will primarily be due to the quantum defect heating as discussed previously in
2.2.1
3.2 Thermal lensing
There are three mechanisms which can translate temperature distributions within a laser
crystals into a thermal lenses, each of these mechanisms will be briefly discussed, before
discussion of the dominant thermal lensing mechanism in a diode pumped Nd:YVO4
laser amplifier. This will conclude with a discussion of how to calculate the thermal
lens strength within a bounce geometry laser amplifier.
Temperature-dependent refractive index lensing
The temperature dependence of the refractive index, the thermo-optic effect, within a
gain medium can lead to a thermally induced lens if the gain medium is hotter at the
centre of the laser mode than at the beam edges. As laser crystals are inherently heated
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by the quantum defect between the pump and lasing energies, and the laser mode will
be matched to the gain region a thermal lens due to the temperature dependence of the
refractive index, will inherently be present. This mechanism is generally believed to be
the dominant cause of thermal lensing within laser amplifiers [25].
Surface deformation lensing
As the temperature of a material increases it will expand in size at a rate determined by
the coefficient of thermal expansion. This thermal expansion is almost always positive
and as such can lead to lens-like surface deformation of a pumped laser crystal. If the
laser mode passes through this surface, or as in the case of the bounce geometry reflects
from it, this can focus the output laser radiation [25].
Stress induced lensing
The crystal thermal expansion can also lead to another type of lensing. If there is a
temperature distribution within a laser crystal, the thermal expansion can lead to stresses
within the crystal which in turn can lead to a change in the refractive index of the
material due to the photoelastic effect. These changes in refractive index can lead to
a lensing, but also commonly add aberrations to a laser amplifier. These effects are
often neglected in thermal lens modelling as they are generally believed to be small in
comparison to thermo-optic lensing [25, 74]. At this point it is also worth mentioning
that the stresses in a laser crystal can also induce birefringence. This can lead to a
depolarisation of laser beams on passage through the amplifier. One advantage of using
a naturally birefringent Nd:YVO4 slab laser amplifier is that the beam polarisation is
automatically aligned with the crystal axis removing this issue.
3.2.1 Thermal lensing in an Nd:YVO4 bounce geometry amplifier
In a Nd:YVO4 bounce geometry laser crystal it is widely accepted that the thermo-
optic based lensing is the dominant lensing mechanism, and as such this is the only
form which is taken into account in the following modelling [25, 74]. Recent work by
X. Yan has suggested that in a bounce geometry amplifier at small bounce angles the
lens resultant from the thermal bulge of the pump face will dominate over the lensing
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due to the refractive index changes [88]. This work is controversial as some of the
assumptions used are not valid at grazing incidence bounce angles. Despite this it is
clear that grazing incidence mirrors can tend to large strengths of the thermal lensing
as the bounce angle is reduced to zero, so it is likely that this thermal bulge lensing
will dominate at very shallow angles, but the exact extent of the effect is not yet well
understood. Further investigation, which is beyond the scope of this chapter, is required
to ascertain the relative magnitude of the thermal lens from the surface bulge relative to
the temperature dependent refractive index lensing.
3.2.2 Calculating thermal lens strengths
Given a temperature distribution within a laser amplifier calculation of the thermal lens
strength involves examining the focusing power the amplifier has on a probe beam pass-
ing through it. The simplest, and most common, manner of undertaking this problem is
by looking at the optical path length (OPL) the probe beam experiences as a function
of its transverse coordinate. For thermo-optic lensing this is undertaken by performing
path integrals along a straight line path taking into account the temperature dependence
of the refractive index. For weak thermally induced lensing, i.e. the optical path length
is much smaller than the focal length, it is sufficient to consider straight line path inte-
grals whose path is not deflected by the changing refractive index. Once the optical path
difference (OPD) as a function of the beam transverse coordinate (x) is ascertained, by
fitting a 2nd order polynomial of the form y = ax2 + bx + c the dioptric power of the
thermal lens can be calculated as
DP =
1
f
= −2a, (3.2)
where a is the x2 coefficient of the polynomial fit [74, 88, 89]. An equivalent alternative
approach when the fitting window of the probe beam tends to zero can be accomplished
by considering a Maclaurin expansion of the OPD as a function of the beam coordinate.
As such the double differential of the OPD wrt the position across the beam width gives
the inverse strength of the thermal lens (DP ), i.e.
DP (x) = −d
2 (OPD (x))
dx2
. (3.3)
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This second method can be used to examine the thermal lens strength as a function of the
position across the probe beam (x), and as such can be used to examine the aberrations
of the thermal lens.
The polynomial fitting method will be used exclusively throughout this chapter,
apart from where the strength of the thermal lens as a function of position is required
where the use of the Maclaurin expansion method will be acknowledge explicitly. These
methods of calculating the strength of a thermal lens within a bounce geometry ampli-
fier will be used throughout the discussion of the thermal lensing within the models
presented within this chapter. More accurate methods could be implemented to im-
prove the accuracy as the thermal lenses become stronger, such as those used by S.
Fan et.al. [82], but the reward gained from this effort was not deemed to be substantial
enough to warrant investigation.
3.3 Analytical 1D heat flow model
A number of papers have been published on thermal modelling within bounce geometry
laser amplifiers [74, 81, 88, 89]. This work is heavily focused on the use of numerical
FEA to solve the heat diffusion equation for the temperature distribution and from this
calculate the strength of the resultant thermally induced lens. This analysis of the ther-
mal lensing is of great use, but is generally limited to the specific operational param-
eters under consideration. It would be beneficial for development and optimisation of
the bounce geometry amplifier to be able to understand in a more functional form the
origin of the horizontal and vertical thermally induced lenses, and as such how to op-
timise design parameters in order to minimise their strength. Unfortunately analytical
solutions of the 3D anisotropic heat flow within an internally heated laser crystal are not
available, but a 1D heat flow solution can be found. If a 1D approximation for the heat
flow across a full laser crystal could be made, then by analysing integrated optical paths
within the crystal, equations for the thermally induced lens strengths in the horizontal
and vertical could be made, exposing, to first order, the functional dependence of the
thermally induced lensing.
A transversely cooled crystal is commonly used in a bounce geometry amplifier, as
detailed in section 2.1.3, where heat sinks are present on the top and bottom faces of
the crystal. This dictates that the primary direction of heat flow from the crystal will
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Figure 3.1: Pump distribution utilised in the analytic 1D heat flow model of the bounce
geometry.
be vertically from the pumped region to the heat sinks. Approximating the heat flow to
be entirely in this vertical direction allows 1D analytical solutions of the temperature
distribution within the laser crystal. The simplest possible pumping geometry where a
top hat pump in the vertical and horizontal of height hP and width wP is considered.
This is incident onto the centre of the side of a laser crystal of height hc, width wc
and depth dc. Under these conditions the heat diffusion equation can be solved for the
temperature distribution within (T in) and outside the pumped region (T out), yielding
T in (y, z) =
Pηαe−αz
2κyhPwP
(
−y2 + hphc
2
− h
2
p
4
)
, (3.4)
T out (y, z) =
Pηαe−αz
2κywP
(hc/2− |y|) , (3.5)
where P is the total pump power, η is the quantum defect (η = 1− λpump/λlaser), α is
the pump absorption coefficient, κy is the vertical thermal conductivity. The horizontal
width of the pump is set to the equal the width of the crystal, wP = wc. For com-
pleteness the full details of the derivation of these equations can be found in appendix
B. The analytical temperature distribution within a Nd:YVO4 slab of 20mm×5mm ×
2mm pumped by 50W at 808nm, with a quantum defect of 0.24 with the pumping
across the whole horizontal width of the crystal with a vertical pump height of 100µm
has been investigated. This yields a temperature distribution across a vertical slice in
the yz plane of the form shown in figure 3.2. It can be clearly seen that as expected the
model predicts the hottest part of the crystal is closest to the centre of the entrance of
the pump and decays away from this front surface.
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Figure 3.2: Analytical temperature distribution slice along the y-z plane with 1D vertical
heat flow for diode pumping of an Nd:YVO4 laser crystal. The vertical pump height modelled
is 100µm.
3.3.1 Thermal lensing
The simplest manner of calculating the strength of a thermally induced lens is by exam-
ining the OPD of a series of beams passing through the temperature induced refractive
index distribution of the gain medium [74, 88, 89]. Integration along a path which un-
dergoes a grazing incidence total internal reflection from the pump face at a bounce
angle of θ in a crystal with temperature distribution as defined in equation 3.4 gives an
equation for the OPD as a function of the beam position. Taking a Maclaurin expansion
of this OPD dictates that by taking the double differential of this equation with respect
to the horizontal width of the probe beam, and evaluating it at the centre of this beam
allows calculation of the dioptric power of the horizontal thermal lens. Similar differen-
tiation with respect to the vertical dimension allows calculation of the vertical dioptric
power of the thermally induced lensing. This derivation can be found in appendix B.
From this model the analytical dioptric power in the horizontal (DPhor) and vertical
directions (DPver) is given by
DPhor = β
(
hphc
2
− h
2
p
4
)
α2e−αwP tan(θ)/2, (3.6)
DPver = 2β
[
1− e−αwP tan(θ)/2] , (3.7)
where
β =
n′ηP
κyhPwP
(
1
tan (θ)
− 1
)
, (3.8)
and n′ is the temperature dependence of the refractive index (n′ = dn/dT ).
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Figure 3.3: Schematic showing the path of a beam passing through a bounce geometry am-
plifier. (a) shows the path including the bounce and (b) shows the equivalent crystal path where
the total internal reflection is represented through a reflection of the crystal at the crystal pump
face.
3.3.2 Functional dependence
The strength of the thermal lens as given by equations 3.6 and 3.7 shows the approx-
imate functional dependence of the thermally induced lenses in a bounce geometry
amplifier. As expected this model suggests that the thermal lensing in the horizontal
and vertical increases linearly with the pump power (P ), the quantum defect (η), the
temperature dependence of the refractive index (n′) and the inverse of the vertical ther-
mal conductivity (κy). The thermally induced lens strengths are also shown to have a
dependency on the bounce angle (θ), the pump height (hP ), the crystal height (hc) and
the pump width (wP ).
Some previous work in the literature has suggested that the horizontal thermally in-
duced lens in a bounce geometry amplifier is fully due to the pump beam being stronger
in the centre than at the wings, i.e. a Gaussian pump, so no horizontal thermally in-
duced lens would be present if the horizontal pump distribution was top hat in nature
[74]. This is contradictory to equation 3.6 which only shows a zero strength horizon-
tal thermal lens when the bounce angle θ tends to 90◦. This contradiction spills over
from the additional complication of moving through the gain medium in a shallow angle
where the decay of the temperature distribution is thick when compared to the width of
the probing beam.
Figure 3.3a shows a schematic of the path of a probing beam passing through a laser
active crystal which is pumped by a horizontally top hat distribution. For simplicity
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this amplifier pass with the total internal reflection can be considered to be the same
as a beam passing through a crystal of twice the width created by a reflection of the
temperature distribution at the pump face, as shown in figure 3.3b. The beam passing
through the centre of the gain region travels through the hottest region twice, whilst the
beams at the edge only pass through the hottest region once. This inherently leads to
an optical path difference across the horizontal extent of the probe beam and as such a
horizontal thermal lens exists. This explanation correlates well with the model as this
would suggest that with top hat pumping (i.e. no variation in pumping along the x-
axis) and 1D vertical heat flow no horizontal thermal lens would be seen if the bounce
angle was increased to 90◦ or the absorption coefficient α was increased to infinity, as
predicted from equation 3.6.
This model can be compared to the data from the experimental bounce geometry
laser cavity described in section 2.3.3. In that experimental system an Nd:YVO4 laser
amplifier was side pumped with up to 50W of pump power from a diode bar, with cavity
arms of 258mm and 500mm in length. The cavity stability is dictated by the strength
of the thermal lens and the length of the two cavity arms. At the exit of the first cavity
stability zone the thermal lens must be such that it focuses onto the longer cavity arm
mirror, and when the cavity enters the second stability zone it must be focusing the cav-
ity mode onto the shorter cavity arm length mirror. By identifying these points from the
output power dependence with pump power in figure 2.12 the horizontal thermal lens
strength can found. This shows it to have a horizontal dioptric power of 2m−1 at 32W
pumping and 3.9m−1 at 50W pumping. Solving equation 3.6 at 32W pumping with
Nd:YVO4 crystal parameters as given in table 2.1, a 7◦ bounce angle, a 100µm vertical
pump size and a crystal and pump width of 20mm gives a thermal lens strength of 1m−1
in the horizontal. For 50W pumping this is increased to 1.55m−1. These are out from
the experimental results only by a factor of 2 − 2.5. The corresponding vertical ther-
mal lens strengths calculated from the analytical model were shown to be 88m−1 and
136m−1 at 32W and 50W pumping respectively. This vertical thermal lenses are signif-
icantly stronger than the horizontal thermal lens, agreeing well with the experimental
system.
Despite the simplicity of this model it shows better than order of magnitude agree-
ment with experimental horizontal thermal lens strengths, and gives a functional form
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for the order of the thermal lens strength which allows easy examination of how to min-
imise the thermal lens strengths of the bounce geometry amplifier. In order to minimise
the horizontal thermal lens strength it shows that it is best to operate with a high internal
bounce angle, a large horizontal pump width, and a large vertical pump height.
3.4 Anisotropic 3D FEA modelling
The 1D heat flow solution for the thermally induced lensing within a bounce geometry
amplifier allows investigation of various design parameters in a functional form. This
model gives a good description of the functional dependence of the horizontal and ver-
tical thermal lenses, but critically does not include the effect of full 3D anisotropic heat
diffusion or non-top hat pump distributions. In order to understand the perturbation
from the analytical solution, as given by equation 3.6, a full FEA model for the heat
flow must be deployed.
At the time of undertaking development of this code commercial steady state FEA
and beam tracing software was investigated [91], but was not suitable for our require-
ments as the pump in a bounce geometry amplifier is heavily focused, which required
a finer mesh than was permissible in the commercial software. The software consid-
ered also did not have the ability to perform a path integration where a total internal
reflection was performed at the pump face and as such custom code would have been
written in order to model the laser mode passage. As such it was deemed advantageous
to write code which could work with finer meshed crystals as well as allowing time
dependent modelling and more control of the pump geometry. Having the ability to
deploy custom FEA software to analyse thermal lensing within bounce geometry lasers
also allows the investigation of novel crystal geometries such as composite face cooled
crystals [92, 93], allowing investigation of the future direction of amplifier development
without significant investment.
3.4.1 Crystal discretisation
Numerically calculating the temperature distribution within a pumped laser crystal is
most readily solved by discretising the crystal into a meshed grid and defining a func-
tion which updates these temperatures at time step, ∆t, later. Figure 3.4(a) shows an
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example of meshing the crystal, where the temperature distribution in the crystal is de-
fined by the temperature at a number of distinct points addressed as Ti,j,k where i, j and
k identify the point within the crystal. The Nd:YVO4 crystals used experimentally in
section 2.1.1 have 14◦ angled entrance and exit faces to suppress parasitic oscillations.
For ease of modelling the crystal examined in this numerical model are taken to be
cuboid with parallel entrance and exit faces.
Ficticious Points
Fixed Points
FEA Points
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k
Ti,j-1,k
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Ti+1,j,k { h
x y z
(b)
Figure 3.4: (a) Showing the discretisation of a laser crystal into individual nodes, shown as
dots. Fixed boundary conditions, where the temperature is set to a heat sink are shown as blue.
Green dots represent the fictitious points that are introduced in order to allow fluid cooling at
a boundary. (b) Showing the update points, the centre point (red) is updated by the 6 nearest
neighbour points (black).
3.4.2 Time dependent heat diffusion equation
Numerical solutions to the heat diffusion equation 3.1 have been accomplished by using
a central difference in space approximation of the form
∂2T
∂x2
∣∣∣∣t
i
=
T ti−1 − 2T ti + T ti+1
d2
+O
(
d2
)
, (3.9)
where i denotes a position on the discretised solid, Ti is the crystal temperature at that
point, h is the cell separation and O(h2) is the error of order h2. When coupled with an
explicit forward difference in time approximation of the form
∂T
∂t
∣∣∣∣t
i
=
U t+1i − U ti
∆t
+O (∆t) , (3.10)
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where t is a discretised temporal coordinate, a numerical time dependent solution to the
heat diffusion equation can be defined as
T t+1i,j,k =
[
κx
(
∂2T
∂x2
)t
i,j,k
+ κy
(
∂2T
∂y2
)t
i,j,k
+ κz
(
∂2T
∂z2
)t
i,j,k
+Q
]
∆t
ρCp
+T ti,j,k, (3.11)
where t and t+1 represent the current and next time step and i, j, k denote the spatial
position of a point within the discretised solid and where κi is the thermal conductivity
in direction i. This equation for the next step temperature of the crystal at a specific
point Ti,j,k is visualised in figure 3.4(b). The position under consideration (Ti,j,k in red)
is updated for a time step ∆t later via contributions from the nearest neighbour points in
three dimensions, as shown in black. Extrapolating this update over every point in the
crystal distribution yields the temperature distribution of the crystal at a time ∆t later.
This numerical solution for the 3d heat diffusion equation is not stable for all values
of the update time step ∆t. Analysis of the damping of an error perturbing the system
defines the stable time step increment to be
∆t <
Cρh3
2κ
, (3.12)
where h is the cell size. This defines that the computational demands are increased
dramatically by moving to a finer grid as a stable solution requires a reduction in the
time step.
Other more accurate numerical solutions to the heat diffusion equation, such as the
Crank-Nicolson method, or an implicit forward time step approximation could be used,
but these have not been employed as they are more complicated to implement and often
give very minimal computational time advantages as they require more calculations per
time step. A time independent solution of the heat diffusion equation, which allows
calculation of the steady state temperature distributions, does give a reduction in the
computational demands, and has been implemented, but will not be discussed further
within this chapter as the time-dependent model was deemed to be more useful as it
allows examination of more complicated time dependent pumping regimes, such as
that used in a quasi-continuous wave (QCW) system as well as onset to steady state
behaviour [56, 60].
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3.4.3 Boundary conditions
Two external aspects will define the temperature distribution within the laser crystal,
the energy being deposited as heat from the pump radiation and the cooling present on
the crystal. Two types of boundary condition have been included to model this cooling.
These being the case of crystal boundaries maintained at constant temperature and the
case of fluid cooling.
The case of fixed temperature points models the situation of having a well bonded
perfect heat sink attaching to the crystal surface which maintains it at a specific tem-
perature. This is the common approach employed by most research into FEA models
of laser crystals in contact with fixed heat sinks [85, 91] and is used within the model
developed here for that purpose. This can be justified as the heat-sinks used in the
experimental bounce geometry crystal mounts are made from copper and bonded with
malleable indium to the crystal, as described in section 2.1.3. As the thermal conduc-
tivity of copper (400 W/mK [94]) is almost two orders of magnitude higher than that
of our laser crystals (≈ 5 W/mK [66]) and is water cooled to a fixed temperature, it
is believed that modelling the crystal surfaces in contact with heat sinks as being at a
fixed temperature is a good approximation. Figure 3.4(a) shows the fixed temperature
points of the crystal discretisation as blue dots on the top and bottom of the crystal. This
represents having a cooling plate attached to the top and the bottom of the crystal as in
the experimental transverse cooled bounce geometry setup, described in section 2.1.3.
In order to model boundaries which are not in direct contact with a heat sink fluid
boundary conditions must be implemented. Modelling these surfaces requires the intro-
duction of fictitious points which give a full nearest neighbour set for the points along
the crystal surface. Figure 3.4(a) shows the introduction of fictitious points along the
front and rear of the crystal, shown as green dots. The temperature of these fictitious
points is calculated by
κ
(
∂T
∂x
)
= hf (T − Ta) , (3.13)
where κ is the thermal conductivity, T is the temperature, x is the dimension perpendic-
ular to the crystal edge, hf is the coupling coefficient and Ta is the temperature of the
fluid. This can be approximated for a discretised grid and yields equation 3.14 for the
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Figure 3.5: Schematic of pump light distribution as it enters the crystal
temperature of the fictitious point, T−1.
T−1 = T1 +
(d1 + d2)hf
κ
(Ta − T0) , (3.14)
where T−1 is the temperature of the fictitious point, d1 and d2 are the respective cell
spacing between points -1, 0 and 1, hf is the coupling coefficient, Ta is the temperature
of the fluid and T0 is the temperature of the edge cell. By updating the fictitious points
according to equation 3.14 before time stepping forward the crystal via equation 3.11
fluid boundary conditions can be correctly accounted for. This boundary condition has
mainly been used along the un-cooled crystal boundaries, where only minimal heat
transfer via radiative and convective means is present. This is approximated to zero for
the purposes of this modelling by setting hf = 0.
Pump distribution
The pump light distribution is directly responsible for the heat load upon the crystal.
The pump light in this model has been approximated to super-Gaussian functions in
both the horizontal and vertical, with the dimension parallel to its incidence following
an exponential decay due to the absorption of the crystal. This assumes that there is
no self focusing of the pump light and that the pumped medium never suffers from
saturation effects of its population inversion.
This leads to an equation for the heat load of the crystal of the form
Q (x, y, z) =
αηP
CxCywxwy
exp
[
−2
[
x
wx
]SGX
− 2
[
y
wy
]SGY
− αz
]
, (3.15)
where P is the incident pump power, α the absorption coefficient, z the distance from
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the entrance plane, η is the quantum defect, Cx, Cy are normalisation constants, SGX ,
SGY are super-Gaussian exponents and wx, wy are local spot sizes [91]. With wx and
wy given respectively by
wx =
√[
w20x + ((z − fx) θx)2
]
, (3.16)
wy =
√[
w20y + ((z − fy) θy)2
]
, (3.17)
where θ is the divergence angle and fx,y the distance from the entrance plane and the
focal plane. This allows modelling of non symmetric pump beams such as those used
in a side pumped bounce geometry solid state slab amplifier [17, 21, 24, 43, 46, 48–59].
3.4.4 Calculating the thermal lens
The geometry of the crystals modelled is such that the lasing path enters the crystal
from its entry face undergoes a total internal reflection on the pump face then leaves
from the face opposing its entry plane [17, 21, 24, 43, 46, 48–59]. A first order ray
tracing approximation is used to look at the OPD across the horizontal and vertical
profiles of the emergent beam. This model is assuming that the light passing within
the medium follows straight paths and is not deflected due to the temperature induced
refractive index profile across the crystal.
This modelling is performed using the forward step propagation approach, firstly
the beam is initialised with starting position and direction, it is then moved forward
by a fixed amount and the new position and refractive index at that point calculated.
Numerical integration along this path gives the optical path length experienced by the
beam. This is then iterated until the beam reaches either the edge of the crystal or the
pump face. When at either of these points the step length is reduced so that the step
perfectly matches the distance left to travel, then either a reflection or a termination of
that beam propagation occurs.
A second order polynomial is fitted to the OPD as a function of the position across
the probe beam, which then using equation 3.2 gives the thermal lens strength. A nu-
merical integration of the population inversion propagated through is taken along the
same beam paths as for the OPD integration. This was used to aperture the points in-
cluded within this polynomial fit to those with an integrated population inversion greater
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than 50% of the maximum. This was elected as it yields a polynomial fit which matches
well to the least aberrated central section of the thermal lens.
3.5 Comparison of the 1D analytical model and the 3D FEA solu-
tion
The temperature distribution within a bounce geometry laser crystal with top hat pump
distribution has been solved analytically. It is important to investigate how accurate this
model is in reference to a full 3D anisotropic heat diffusion solution if its predictions
are to be used. In order to accomplish this a comparison has been made between the
temperature distribution in the 1D analytic case and a 3D FEA solution where the pump
distribution in both is a top hat in both the horizontal and the vertical across the full
width of the crystal with a vertical height of 100µm at 50W 808nm radiation incident
onto the side of an Nd:YVO4 crystal of dimensions 20mm×5mm×2mm as discussed
previously in section 2.1.1.
(a)
0 1 2 3 4 5
0
50
100
150
200
Position / mm
Te
m
pe
ra
tu
re
 / °
C
 
 
1D Vertical Heatflow
3D Anisotropic Heatflow
(b)
Figure 3.6: (a) Analytical temperature distribution with 1D vertical heat flow within a bounce
geometry Nd:YVO4 laser crystal pumped at 50W (Max Temperature 168◦C. (b) Temperature
decay along the z axis moving away from the pumped face of both the 1D and the 3D solutions
in Nd:YVO4 at 50W pumping.
Figure 3.6(a) shows the temperature distribution in the Nd:YVO4 laser crystal with
only 1D heat flow. It can be seen that the temperature is highest at the centre the pump
face. Figure 3.6(b) plots the temperature along a slice running from the centre of the
pumped region along the path parallel to the pump direction for both the analytical 1D
temperature distribution and the full 3D anisotropic solution. The additional heat flow
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Figure 3.7: Comparison of the thermal lens strengths in the vertical and horizontal as a
function of bounce angle for both the 1D and the 3D heat diffusion models with 50W pumping.
of the 3D anisotropic solution acts to reduce the maximum temperature at the pump
face and increase the temperature further into the crystal, with the surface temperature
decreased by approximately a factor of two when full 3D heat flow is taken into account.
This additional heat flow affects the crystal temperature distribution in a manner similar
to reducing the absorption coefficient of the gain medium, which from equations 3.6
and 3.7, it is likely to reduce the strength of the thermal lens in both the horizontal and
vertical.
Figure 3.7 shows the vertical and horizontal thermal lens strengths as a function of
the bounce angle for the 1D analytic solution and the anisotropic 3D FEA solutions. It
firstly shows that in a bounce geometry amplifier with a focused vertical pump region
the vertical thermal lens is indeed significantly stronger than the horizontal thermal lens.
It also shows a strong dependence of the thermal lens strengths in both the horizontal
and vertical as a function of the bounce angle, with higher bounce angles reducing the
thermal lens strengths. It also shows that the analytical solution gives a relatively accu-
rate representation of the thermal lens strength in the vertical, but is quite perturbed in
the horizontal as the temperature distribution extends deeper into the crystal. Interest-
ingly at 7◦ bounce angles despite the lower maximum temperature at the surface of the
pump face the thermo-optically induced thermal lens is stronger in the full FEA model
than in the analytical model.
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3.6 Bounce geometry optimisation
Bounce geometry amplifiers have been employed with great success in high average
power laser systems [21, 46, 48, 95]. These systems have been developed in an ex-
perimental manner and are known to allow successful management of the thermal lens
whilst matching the laser mode to the gain region. It is the aim of this section to exam-
ine whether the common solution that has been developed, as described in chapter 2,
is optimum, or whether deviation of these parameters would allow lower thermal lens
strengths permitting more efficient operation of the amplifier.
In order to examine the effect variation of amplifier specification (crystal geome-
tries, pump geometries and bounce angles) has on the thermally induced lens strengths,
a set of default parameters for the amplifier must be defined which can be used in
conjunction with variation in the parameter under investigation. These chosen parame-
ters closely resemble those used experimentally in the demonstration bounce geometry
amplifiers employed in sections 2.3.2 and 2.3.3. As such the default parameters that
will be used are of a a-cut Nd:YVO4 laser crystal of 20mm×5mm×2mm crystal side
pumped at 50W. The Nd:YVO4 laser crystal has the parameters as defined in table 2.1.
The pump distribution is Gaussian in the vertical and horizontal with horizontal radius
(wx) of 7mm and vertical radius (wy) of 0.05mm incident onto the 20mm×2mm pump
face. The laser mode enters and exits through the two 5mm×2mm crystal faces after
undergoing a 7◦ total internal reflection from the pump face.
Looking at the thermal lens strengths predicted by the FEA model using these de-
fault parameters it is seen that the thermally induced lens strengths in the vertical and
horizontal scale linearly with pump power. With the horizontal thermally induced lens
increasing at 0.099 dioptre per Watt of pump power and the vertical thermally induced
lens increasing at 2.69 dioptre per Watt. The vertical lens is ≈27 times stronger than
the horizontal lens which correlates well with the experimental system where a pair of
vertical cylindrical lenses are used to avoid the effects of the vertical thermal lens, as
discussed in chapter 2. The horizontal thermal lens strength from this FEA model are
in fact about 1.3 - 1.6 times higher than the measured thermal lens strengths from the
experimental system detailed in section 2.3.3. This is in good agreement considering
the approximations and is suggestive that in a Nd:YVO4 bounce geometry amplifier
operated with a 7◦ internal bounce that the thermo-optic based lensing is indeed the
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dominant mechanism forming the thermally induced lensing.
It is surprising to see the FEA model predicting a higher thermal lens strength as
many assumptions used within this model would be the ideal thermal lensing situa-
tion, especially as the lensing from crystal stresses and the thermal bulge have not been
taken into account. In real-world operation it is known that only ≈50% of the pump
energy is converted to the lasing mode, with the rest lost as amplified spontaneous
emission (ASE) and via other non-linear processes such as up-conversion. Admittedly
the upconversion processes could lead to a lower thermal loading as the energy is lost
non-radiatively, but work by Pollnau in Nd:YAG is suggestive that the non-linear pro-
cesses should lead to a higher thermal loading [76]. This discrepancy is attributed to un-
certainties in the experimental conditions(e.g. pump distribution) and crystallographic
properties (e.g. thermal conductivity) between the experimental and modelled cases.
3.6.1 Pump geometry optimisation
The top-hat horizontal and vertical pump distribution examined in the analytical model
is the easiest to consider, but is not representative of the details of the pump distribu-
tion utilised experimentally in a standard bounce geometry laser system as described
in chapter 2. The pump radiation expelled from a diode bar is Gaussian in the verti-
cal due to the profile of the individual emitters. In the near field the horizontal pump
distribution is relatively top-hat in nature, but previous experimental measurements of
pump radiation as a function of the distance from the diode bar by S. Chard suggest
that the pump radiation becomes increasingly Gaussian in the horizontal with distance
[88, 96]. Crystal to pump face distances greater than around 60mm have been seen to
yield an essentially Gaussian horizontal pump distribution. In common implementa-
tions of the bounce geometry amplifier the distance from the pump diode to the crystal
face are around 100mm as this allows the 10mm horizontal emission from the diode bar
to spread to fill the 20mm width of the laser crystal. This minimises the pump intensity,
reducing the thermal loading density. With this experimental setup it is clear that a hor-
izontal top-hat profile is not a sensible model and a Gaussian pump profile will give a
description of the thermal lens much closer to the experimental implementation.
Variation in the nature of the pump distribution from top-hat to Gaussian was pos-
sible by varying the SGX component in equation 3.15 by factors of two with 2 cor-
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responding to Gaussian, and higher values becoming more top hat, as shown in figure
3.8(a). The widths of the beams at the specific Gaussian exponent have been normalised
to maintain the same integrated area, such that the full width half max (FWHM) is of
the same value for all the super-Gaussian exponents.
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Figure 3.8: (a) Showing the different horizontal pump profiles for variation in the supergaus-
sian exponent in the horizontal when they are normalised such that they have the same FWHM
(b) Comparison of the thermal lens strengths in the vertical and horizontal as a function of the
horizontal pump supergaussian exponent.
Figure 3.8(b) shows the variation of the thermal lens strength in both the horizontal
and vertical of a bounce geometry laser crystal under variation of the horizontal super
Gaussian exponent. It shows that horizontal Gaussian pump distributions give slightly
weaker horizontal and vertical thermal lenses than top-hat pumping. Figure 3.8(b)
shows that from moving from Gaussian (SGX = 2) to top-hat (SGX = 20) horizontal
pump distributions the horizontal thermal lens strength increases from 0.123m−1W−1 to
0.145m−1W−1 dioptre per Watt of pump power; and the vertical thermal lens strength
from 1.78m−1W−1 to 2.01m−1W−1. This appears to be because the Gaussian distri-
bution spreads the pump further reducing the maximum temperature at the pump face,
and thus reduces the thermal lens strength accordingly. Implications of this finding are
that it is preferential for minimisation of the thermal lens strengths that the pump diode
should be maintained at a distance greater than around 60mm from the pump face as
this generates a Gaussian horizontal pump profile, which will limit the strength of the
thermal lens in both the horizontal and vertical.
It is well known that as the diode moves further away from the pump face the pump
distribution spreads in the horizontal. This leaves the open question of what effect the
width of the pump distribution in the horizontal has on the thermal lens strength. This
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can again be easily investigated using the anisotropic FEA model by variation in the
beam width parameter wx in equation 3.15.
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Figure 3.9: Dioptric powers of the horizontal and vertical for Nd:YVO4 diode side pumped
bounce geometry amplifier at 7 degrees bounce angle as a function of the (a) horizontal pump
width and the (b) vertical pump height.
Figure 3.9(a) shows the variation in the thermal lens strength of a Nd:YVO4 bounce
geometry laser amplifier in the horizontal and vertical as a function of the horizontal
Gaussian pump distribution width. Increasing the pump width reduces the thermal lens
strength in the horizontal and vertical as the pump is less focussed. Indeed the hor-
izontal thermal lens is reduced in strength by over an order of magnitude by using a
horizontally extended pump region (wx =10mm yields a horizontal Dioptric power of
1.44m−1W−1 with 50W of pumping) instead of a focused one (wx =0.5mm yields a
horizontal Dioptric power of 25.17m−1W−1 with 50W of pumping).
It is at this point worth discussing the effect of the vertical pump height on the
thermal lens strength. Although classically in bounce geometry lasers a highly focused
vertical pump distribution is used, recently some investigation into systems utilising
larger vertical height pump distributions has occurred [50, 95].
Figure 3.9(b) shows the variation in the horizontal and vertical thermal lens strengths
as a function of the vertical height of the pump distribution. It shows that the ther-
mal lens strengths in both the horizontal and vertical get weaker with increasing pump
height. The vertical thermally induced lens strength is affected more than the horizon-
tal with a full order of magnitude change, from 1.03m−1W−1 to 0.06m−1W−1, seen
between the minimum (wy =0.05mm) and maximum (wy =0.95mm) pump heights
investigated. Over the same vertical pump height range the horizontal thermal lens
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strength varies by a factor of 2, from 0.048m−1W−1 to 0.024m−1W−1.
3.6.2 Crystal geometry optimisation
Variation of the parameters discussed up until this point are those which can be easily
varied by changes in the pumping geometry or the path of the laser mode. Variation of
the physical geometry of the laser crystals themselves are likely to also have an effect
on the thermal lens strengths. The parameter which is of most interest to consider is the
vertical height of the crystal as the analytical models shows this is likely to affect both
the maximum temperature within the laser crystal as well as the thermal lens strengths.
This could potentially allow increased laser performance through reduced thermal lens
strengths and reduced risk of crystal fracture. The horizontal crystal width is of less
interest as the thermal lens is going to be dominated by the width of the pump region.
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Figure 3.10: Dioptric powers of the horizontal (a) and vertical (b) for diode side pumped
bounce geometry Nd:YVO4 amplifier as a function of the crystal height.
Figures 3.10(a) and 3.10(b) show the variation of the thermal lens in the horizon-
tal and vertical respectively as a function of the height of the Nd:YVO4 laser active
crystal. It shows plots for three bounce angles, these being 3◦, 7◦ and 12◦. It can be
seen that the vertical thermal lens strength is not varied significantly by the variation in
pumped crystal height, but the horizontal thermal lens strength has a large dependence
on the crystal height. The horizontal thermal lens strength for a 7◦ bounce angle reduces
from 0.077m−1W−1 at a vertical crystal height of 3.0mm to 0.008m−1W−1 at a vertical
crystal height of 0.2mm. This reduction of horizontal thermal lens strength is because
reducing the vertical crystal height reduces the maximum temperature at the pump face,
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which dominates the horizontal thermal lens strength. The change in the vertical tem-
peratures distribution across the pumped region is relatively unchanged, keeping the
vertical thermal lens strength almost constant (only a 7% change from 1.17m−1W−1
to 1.27m−1W−1, over the same vertical crystal height range). This coincides with the
analytical model of the thermal lens strength of a bounce geometry laser crystal given
by equations 3.6 and 3.7 where only the horizontal thermal lens strength is dependent
on the crystal height (hc).
3.7 Face-cooled crystals
The thermal management of the bounce geometry laser crystal utilised experimentally,
and investigated numerically in this chapter, is currently dependent on transverse cool-
ing the top and bottom of the laser crystal and allowing the heat flowing from the
pumped region to these heat sinks. The hottest part of the laser crystal is at the front cen-
tre of the pump face and as such an improvement in the heat removal could be possible
if this surface could be cooled directly.
Placing a copper heat sink in contact with this surface is not possible as it would not
allow the transit of the pump radiation to the pump face. This could be overcome, as
demonstrated by Zimer [49], by utilising a partly undoped crystal and entering the pump
light from the rear of the crystal, or by using a cooling crystal which is transmissive
to the pump wavelength which itself is in contact with a heat sink [83, 87, 93, 97–
99]. The use of a heat spreader or face cooling crystal has been shown to reduce the
temperatures within various different laser geometries, improving the laser performance
[83, 87, 93, 97–99].
Introduction of a face-cooling crystal onto the pump face of a bounce geometry laser
crystal opens many questions: such as whether the change in temperature distribution
will actually reduce the thermal lens strength, whether the amplifier retains low aber-
rations, and how to optimise the crystal and pumping geometries? These questions are
best answered via the use of a FEA model as it allows variation in these parameters
without significant experimental investment.
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Face  cooling crystal
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Conductive  back plate
Figure 3.11: Showing the geometry of the face-cooling crystal. The laser crystal has a face
cooling crystal of lower refractive index attached to the front, this composite crystal is sand-
wiched between two water cooled copper blocks, one with an opening allowing the entrance
of the pump radiation.
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Standard 2 20 5
Face-cooled Standard 2 20 5 2 20 3
Face-cooled New 5 20 2.5 5 20 3
Table 3.1: Detailing the geometry of the three crystal geometries. The standard crystal, the
standard crystal with a face cooling crystal attached and the new, vertically larger, thinner
depth crystal with a matched cooling crystal attached.
3.7.1 Face-cooled geometries
The face cooling geometry which is modelled is shown in figure 3.11. The laser crys-
tal is diffusion bonded to a cooling crystal [100], and sandwiched between two water
cooled copper blocks. An opening is left in the front cooling block in order to let the
pump radiation enter the system. The laser mode enters the laser crystal as in the stan-
dard bounce geometry setup and undergoes a total internal reflection from the pump
surface, yielding a good overlap with the pumped region. In order to maintain this total
internal reflection it is important that the cooling crystal has a lower refractive index
than the laser crystal.
In order to examine the effect adding a face cooling crystal to the pump surface of
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(a) (b) (c)
Standard Face-cooled standard Face-cooled new
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y
z
Figure 3.12: Showing the size of the three crystals compared to ascertain the effect of insti-
gating a face-cooling crystal onto a bounce geometry cavity. (a) shows the standard crystal,
(b) shows the standard crystal with a face-cooling crystal attached to the front and (c) shows
the new geometry crystal with a face-cooling crystal attached.
the laser crystal has on the thermally induced lensing, a standard Nd:YVO4 laser crystal
of 20mm×5mm×2mm (width×depth×height) will be modelled both with (see figure
3.12b) and without (see figure 3.12a) a 20mm×3mm×2mm sapphire cooling crystal
attached to the front. Considering the practical implementations of a face cooled bounce
geometry laser crystal in a mount as described in figure 3.11 it is clear that extending
the vertical size, and reducing the depth of the pumped laser crystal, would improve the
mechanical stability of the system, as well as increasing the area of heat sink in contact
with the composite crystal. For this reason a laser crystal of 20mm×2.5mm×5mm
(width×depth×height) in contact with a 20mm×3mm×5mm sapphire cooling crystal
will also be investigated (shown in figure 3.12c).
3.7.2 Code amendments
It is not sufficient when modelling face cooling to simply place a fixed temperature heat
sink on the front of the crystal as the temperature distribution within the cooling crystal
is important as it not only removes heat, but can also redistribute heat from the hottest
centre section of the lasing crystal out to the edges. In order to model this situation the
temperature distribution of the face-cooling crystal must be modelled in parallel to the
laser crystal.
Introduction of a cooling crystal required adaptation of the code such that heat flow
was allowed across the boundary between the crystals. This was accomplished by
adapting the fluid boundary conditions described by equation 3.13. Fictitious points
were created for the pumped and cooling crystal, T P−1 and T
C
−1 respectively, which are
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Figure 3.13: Showing the temperature distribution within a face cooled bounce geometry
laser composite crystal. The vertical solid line represents the join between the Nd:YVO4 crys-
tal on the right and the sapphire cooling crystal on the left.
updated by the equations
T P−1 = T
P
1 +
(
2dP
)
hf
κP
(
TC0 − T P0
)
, (3.18)
TC−1 = T
C
1 +
(
2dC
)
hf
κC
(
T P0 − TC0
)
, (3.19)
where T P0 and T
C
0 are the surface temperatures of the pumped and cooling crystals
respectively, T P1 and T
C
1 are the cells one in from the crystal edges, d
P and dC are
the mesh separation in the pumped and cooling crystal respectively, κP and κC are
the thermal conductivity of the pumped and cooling crystal respectively and hf is the
crystal coupling coefficient. The crystal coupling coefficient hf defines how efficient
the heat flow across the boundary is, with hf =1.0 representing perfect heat flow and
hf =0.0 representing no heat flow.
3.7.3 Temperature distribution
The FEA code adapted for utilising face cooled crystals was used to investigate the tem-
perature distributions within bounce geometry face cooled Nd:YVO4 laser amplifiers
conduction cooled by a sapphire crystal. Sapphire is chosen as it is readily available,
is transmissive at the pump wavelength of 808nm and has a higher conductivity (≈ 5×
Nd:YVO4) as well as a lower refractive index than Nd:YVO4.
Figure 3.13 shows a slice in the vertical yz plane of the temperature distribution
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within the face cooled Nd:YVO4-sapphire vertically larger composite crystal. The left
hand of the figure represents the sapphire cooling crystal which is designated from the
Nd:YVO4 laser crystal on the right hand side by a vertical solid line. The pump light is
incident from the left hand side through the sapphire crystal, whereupon it is absorbed as
it enters the Nd:YVO4 crystal, heating the composite structure from the boundary. The
face-cooling removes heat from the front of the pumped crystal reducing its maximum
temperature and pushing the point of maximum temperature away from the surface and
deeper into the Nd:YVO4 crystal.
(a) (b)
(c)
Figure 3.14: Showing the horizontal temperature distributions of (a) the classically transverse
cooling crystal (b) a standard crystal size with a face cooling sapphire crystal attached (c)
Figures 3.14(a), 3.14(b) and 3.14(c) show the central horizontal slice through the
standard Nd:YVO4 crystal, the standard Nd:YVO4 crystal with a sapphire face cooling
crystal and a the new Nd:YVO4 crystal with a sapphire face cooling crystal. These three
cases are all Nd:YVO4 crystals pumped at 50W by an 808nm diode bar with horizontal
Gaussian emission with a horizontal width (wx) of 7mm and a vertical width (wy) of
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50µm. Both of the face cooling crystals show a reduction in the maximum tempera-
ture within the crystal, which will reduce the thermal lensing and stresses throughout
the crystal. The vertically large face cooled crystal geometry (figure 3.14(c)) shows a
reduction in the maximum temperature from the standard face cooled crystal.
3.7.4 Thermal lens strength
It has been seen that the addition of a face cooling crystal can reduce the maximum
temperature within the pumped laser crystal. The effect that this has on the strength of
the thermal lens can be examined by again examining the OPD as a function of beam
radius.
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Figure 3.15: (a) The optical path difference as a function of position across the beam passing
through a face cooled laser crystal pumped at 50W. (b) The dioptric power per watt of pumping
as a function across the beam width.
Figure 3.15(a) shows the optical path difference as a function of the horizontal po-
sition on the probing beam for three bounce angles. At high bounce angles (e.g. 7◦)
the OPD due to the temperature distribution within the laser crystal shows an approxi-
mately Gaussian nature demonstrating the existence of a thermally induced lens, but at
shallow bounce angles, such as 3◦, this is no longer true. The OPD for the 3◦ bounce
angle shows significant aberration due to the temperature maximum being separated
from the surface of the Nd:YVO4 crystal where the total internal reflection occurs.
This effect can be seen more clearly by examining the localised thermal lens strength
across the horizontal beam profile by double differentiation of the OPD wrt the beam
width as detailed in section 3.2, this is shown in figure 3.15(b). This shows for the
3◦ and 5◦ bounce angles the thermal lens is highly aberrated across the wavefront, it
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is only when the bounce angle reaches 7◦ that the localised horizontal thermal lens
strength across the wavefront looses the aberrations. Interestingly at very low bounce
angles, where the probe beam enters the crystal with the centre of the beam closer to
the pump face than the temperature maximum within the crystal the dioptric power of
the thermal lens is negative at the centre of the beam.
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Figure 3.16: Showing the strength of the thermal lens as a function of the pump power
for three crystals, the classic crystal, a face cooled classic crystal and the new geometry face
cooled crystal on (a) the horizontal and (b) the vertical.
Figure 3.16(a) shows the strength of the horizontal thermal lens strength as a func-
tion of the pump power for the classical transverse conduction cooled crystal, the face
cooled standard crystal and the new face cooled crystal of larger vertical size. It shows
that adding a face-cooling crystal to the bounce geometry amplifier reduces the strength
of the horizontal thermal lens by over a factor of 4.3. The difference between the two
face-cooled crystal geometries is relatively small, although the new geometry gives
a slightly higher horizontal thermal lens strength of 0.035 Dioptre per watt of pump
power, in comparison to 0.026 Dioptre per watt for the face cooled standard crystal.
Interestingly this large reduction in the horizontal thermal lens strengths by face
cooling is not mirrored in the vertical thermally induced lens. Figure 3.16(b) shows the
vertical thermally induced lens strengths as a function of the pump power for the three
crystals geometries. Face cooling the classical crystal only reduces the vertical thermal
lens strength only by a factor of 1.23, and the new, vertically larger crystal only reduces
the vertical lens strength by a factor of 1.09.
The choice of sapphire as the investigated cooling crystal was based on it having a
high thermal conductivity and a low refractive index, which maintains the total internal
reflection from the pump face of the laser crystal imperative for operation in the bounce
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Figure 3.17: Showing the horizontal thermal lens strength as a function of the width of the
sapphire cooling crystal mounted on the front of the laser active Nd:YVO4 laser crystal.
geometry. Cooling crystals with higher thermal conductivities would allow an improve-
ment in the heat extraction from the surface of the pumped crystal, but the face cooling
geometry will eventually be limited by the transit of the heat from the interior within
the pumped crystal to the cooling crystal interface. This will limit the benefit gained by
moving to ever higher thermally conductive cooling crystals.
Either of the face cooled crystal geometries shows a marked reduction in the thermal
lens strengths in the horizontal, and as it is this lens which limits higher power operation
in the standard bounce geometry amplifier the investment into sapphire face-cooled
Nd:YVO4 laser crystals may result in a great improvement in the powers obtainable
from a bounce geometry amplifier.
3.7.5 Optimising face cooling
It is clear that the addition of a sapphire face cooling crystal to the front of a Nd:YVO4
bounce geometry laser amplifier reduces the thermally induced lensing within the laser
crystal.
In order to optimise the reduction of the thermal lensing via face-cooling a numer-
ical investigation into the relationship between the thickness of the cooling crystal and
the resultant thermal lens strength has been undertaken. Figure 3.17 shows the dioptric
power per watt of pumping power of the horizontal thermally induced lens as a func-
tion of the thickness of the cooling crystal. This shows very clearly that to minimise
the horizontal thermal lens strength it is beneficial to make the cooling crystal as thin
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as possible. Examining the temperature distributions within the pumped laser crystals
showed that a reduction in the depth of the cooling crystal resulted in a lower temper-
ature at the centre front surface of the pumped crystal, improving the efficiency of the
cooling crystal.
It is important to note that this work suggests reduction in the thermal lens strength
by moving to thinner face-cooling crystals, but this may not be experimentally true. In
the real implementation of a face cooled laser crystal the heat sink in contact with the
front face of the cooling crystal must include a window through which the pump light
can pass, as shown in 3.11, this has not been included in this model. This additional
window will reduce the cooling potential at the centre of the face cooled crystal. When
using a 3mm depth cooling sapphire crystal the modelling showed that any profile in-
formation of the pumped crystal temperature distribution was diffused out to a uniform
profile over the depth of the cooling crystal. In cases where the cooling crystal was
much narrower, this was no longer true and as such it is believed that the results pre-
sented here give a good first order measurement for the thermal lens reduction for thick
cooling crystals, but the additional perturbation from the heat sink profile for a real im-
plementation with window through the copper heat sink may reduce the accuracy of the
results for thinner cooling crystals.
The reduction of the thermally induced lens through thinner cooling crystals does
bring about some interesting possibilities. In a face-cooled bounce geometry amplifier
it is important that the face cooling crystal is of lower refractive index than the laser
medium, this limits the use of some very high conductivity, but also high refractive
index materials such as diamond or silicon carbide. The higher thermal conductivities
of these materials could reduce the strength of the thermally induced lenses more than
using sapphire. The improvements in heat removal through moving to thinner sapphire
cooling crystals suggests that a face-cooling structure where the cooling crystal was
composed of two individual crystals, one thin and of low refractive index, and one of
high thermal conductivity could allow an increased heat removal from the face of the
pumped crystal reducing the strength of the thermally induced lens.
In summary it has been shown numerically that the addition of a face cooling crystal
to the front of a bounce geometry laser amplifier reduces the strength of the thermally
induced lenses. Numerically it is suggested that addition of a 3mm depth sapphire crys-
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tal to the front of a pumped Nd:YVO4 laser crystal will marginally reduce the strength
of the vertical thermally induced lens and reduce the strength of the horizontal lens by
a factor of 4, for a 7◦ bounce angle pass of the amplifier. The cooling crystal is seen to
pull the hottest point of the laser crystal in from the pump face. This in turn leads to
increased aberrations for small bounce angles, limiting operation to angles & 6◦. It has
been shown that by moving to thinner and higher thermal conductivity crystals further
reductions of the thermally induced lenses should be possible.
3.8 Applying the thermal model
The FEA model developed within this chapter has been shown to give the ability to
probe the dynamics of the thermo-optically induced thermal lensing. One of the goals
of the development of this modelling was to use it to improve the understanding of
the behaviour of experimental systems based around bounce geometry amplifiers, and
how the thermal lens affects their performance. In this section three applications of this
modelling are presented. Initially a discussion of the effect that the aberrations present
in a bounce geometry amplifiers thermally induced lens will have on the cavity stability
of the fundamental and higher order cavity modes. Secondly a brief discussion of the
use of this thermal modelling in an Er:YSGG QCW diode-pumped bounce geometry
laser will be presented. Finally a new geometry of laser amplifier, which negates the
horizontal thermal lens is developed.
3.8.1 Cavity stability to higher order modes
Magni showed that the stability of a laser cavity is dependent on the thermal lens
strength within the gain medium [77, 78]. In section 2.3.1 this work was discussed
with reference to the operation of symmetric and asymmetric laser cavities utilising
a bounce geometry amplifier. One of the aims of modelling the thermal lens within
a bounce geometry amplifier was to better understand how the cavity geometry of a
bounce geometry laser and the output transverse mode profile are related. For instance
in an asymmetric cavity there are four points within the stability curve where the TEM00
mode size and the extent of the gain region are matched. This should allow four pump
powers at which it is possible to attain a TEM00 output. Experimentally only two of
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Figure 3.18: Optical path difference (OPD) of the horizontal beam propagating with a bounce
angle of 7◦ through the bounce geometry amplifier pumped at 50W. Shown are the numerical
OPD, the fit from the double differential at the centre and the fit from the FWHM of the gain
propagation.
these operational powers yield a TEM00 beam, those at the entrance to the first and
second stability zones. It is also seen that in order to see the TEM00 operation at the
entrance of the second stability zone the cavity must be very asymmetric, in that there
is a very large difference between the cavity arm lengths.
The conclusion drawn from this evidence is that when designing a cavity to oper-
ate on a TEM00 output mode it is not sufficient to consider under what thermal lens
strengths the gain region is matched to the TEM00 mode size. It is seen experimentally
that sometimes even though this condition is met higher order modes oscillate preferen-
tially, and as such the higher order modes must be better able to extract the population
inversion.
In order to rectify this discrepancy between the experiment and theory a considera-
tion of the aberrations of the thermal lens, and the effect this has on the dioptric power
of the different order modes must be made. In the case of an aberration free, parabolic
thermal lens the lensing power would be the same at all points across the beam, and
as such all transverse modes would see the same thermal lens strength and go unstable
at the same pump power. Figure 3.18 shows the OPD of the horizontal beam passing
through a 50W pumped bounce geometry amplifier at 7◦ as well as a trace showing a
fitted thermal lens for a TEM00 beam. As the thermal lens becomes weaker towards its
edges a higher order transverse mode which had a larger extent, or indeed an intensity
minimum at the centre of the thermally induced lens, would not experience the same
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Figure 3.19: Flow chart showing the process for numerically converging onto the stable
solutions of cavity mode size of a bounce geometry thermal lens.
thermal lens strength as the TEM00 mode. Previous work by others has looked at the
effect of cavity aberrations on the fundamental mode [101], but here a focus is made
onto the effect that an aberrated thermal lens has on the range of pump powers, and
resultant thermal lens strengths, at which higher order cavity modes are able to form a
stable cavity and how this effects the TEM00 operation regimes of a bounce geometry
laser cavity.
This is approached by examining the average thermal lens strength experienced by
a Hermite-Gaussian mode and equating this information with the cavity stability equa-
tions given by Magni [77, 78]. This is not easy to address from a purely analytical
manner as although the average strength of an aberrated thermal lens can be calculated
from the FEA model given a mode size and intensity distribution, and the cavity mode
size can be calculated given a thermal lens strength, these two factors are dependent on
each other. In order to find stable solutions a numerical approach is taken which makes
new estimates of the beam widths and thermal lens strengths based on previous esti-
mates and iterates this procedure until the estimates converge onto stable solutions. The
solution presented here only discusses the cavity stability of the beam due to the hori-
zontal thermal lens strength and beam profile, but the argument can be readily expanded
to include the vertical as well.
A flow chart of this numerical solution is shown in figure 3.19. Firstly the strength
of the thermally induced lens is calculated as a function of the probe beam radius from
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the FEA of the bounce geometry laser. Then an initial approximation for the beam
radius for a cavity with arms of length L1 and L2 is made based on the strength at
the centre of the thermally induced lens, through equation 2.7, as given by V. Magni
[77, 78]. This initial beam width estimate, wx, can be used to calculate the intensity
profile of Hermite-Gaussian modes as given by
Im,n (x, y) = I0
[
Hm
(√
2x
wx
)
exp
(−x2
w2x
)]2
(3.20)
where m is the horizontal Hermite-Gaussian order, x is the horizontal position and
where Hm is the mth order Hermite polynomial as given by
H0 (x) = 1
H1 (x) = 2x
H2 (x) = 4x
2 − 2
. . . (3.21)
This gives initial estimates for all the parameters involved in calculating the cavity
stability, which can now be used to start the iteration down to a solution. By normalising
the integrated product of the estimate for the intensity profile (Im (x)) and the position
dependent thermal lens strength (DP (x)) the mean thermal lens strength (DP ) as ex-
perienced by the transverse mode can be calculated. i.e.
DP =
∫ −∞
−∞ DP (x) Im (x) dx∫ −∞
−∞ Im (x) dx
(3.22)
In the same way as with the initial estimates this dioptric power can then be used to
calculate a mode size (wx) and an intensity profile (Im(x)). These beam widths, and
intensity profiles are then used again to form a new estimate for the average thermal
lens strength. This process is then repeated until the beam radius, dioptric power and
intensity profile converge onto a stable solution. Performing this iterative routine at
a range of different pump powers allows a cavity stability diagram to be plotted for
Hermite-Gaussian modes where the thermal lens is aberrated.
Figure 3.20 shows the mode size at the thermal lens as a function of the pump power
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Figure 3.20: Figure showing the 1/e2 intensity beam radius of the first three stable Hermite-
Gaussian modes as a function of pump power for an asymmetric bounce geometry laser cavity
with arms of 50cm and 26cm. Shown as dashed lines are the radii based on the thermal lens
strength at the centre of the thermal lens and as solid lines are the converged stable solutions of
the numerical modelling for beams with thermal lens strengths based on the weighted average
of the thermal lens as a function of the beam intensity.
for the first three Hermite-Gaussian modes within a bounce geometry amplifier pumped
with the parameters detailed in section 3.6. The dotted lines represent the mode sizes
for the initial assumption of an aberration free thermal lens, the solid lines represent
the numerically converged values for the cavity mode width when the perturbations of
the thermal lens are taken into account. The blank areas in the solid curves are where
a convergence onto a stable solution was not accomplished by the numerical code. In
a Nd:YVO4 laser amplifier pumped with a horizontally Gaussian mode, as discussed
experimentally in chapter 2, the strength of the thermal lens gets weaker towards the
edges. As the average thermal lens gets weaker with increasing laser mode size the
stability regions spread out over a greater pump power range. This also shows that as
the higher order modes are of a larger horizontal extent the higher order cavity modes
spread more than the lower order cavity modes. The interesting result from this is that
now the cavity does not go unstable for all of the cavity modes at the same pump power.
At around ≈19W the fundamental transverse mode has become unstable, but the 2nd
order mode, TEM01, is still stable. This can be true because the TEM00 mode has a
maxima of intensity at the centre of the thermal lens where it is strongest, whilst the
TEM01 mode has a minima at this point and so is dominated by the lower thermal lens
strengths experienced away from the axis, as shown in figures 3.21(a) and 3.21(b) which
shows the stable horizontal mode profile as a function of pump power for the TEM00
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and TEM01 modes respectively. This may suggest a reasoning for why the output from
a bounce geometry laser is not seen to generate a TEM00 mode at the exit of the first
stability region, as although the fundamental mode can match to the size of the gain
region the higher order modes can be of a smaller spatial extent and higher intensity
allowing them to better extract the gain.
(a) (b)
(c)
Figure 3.21: Numerically calculated mode sizes at the thermal lens as a function of pump
power for a laser cavity with arms of 0.5m and 0.258m arm lengths. Shown are (a) the TEM00,
(b) the TEM10 and (c) the TEM20 order Hermite-Gaussian beams.
The entrance of the second stability zone also shows an interesting phenomena. In a
very asymmetric cavity, like the one modelled here, it is experimentally very easy to get
a TEM00 output on the entrance to the second stability zone. Figure 3.20 shows that
the on the entrance of the second stability zone due to the lower thermal lens strength
experienced by the higher order cavity modes only the lowest order cavity mode can be
stable, and as such it will dominate the gain extraction.
This model can also be used to explain why it is not possible to obtain a TEM00
mode on the entrance of the second stability zone unless the cavity is very asymmetric.
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Figure 3.22: Figure showing the 1/e2 intensity beam radius of the first three stable Hermite-
Gaussian modes as a function of pump power for a nearly symmetric bounce geometry laser
cavity with arms of 35cm and 34cm. Shown as dashed lines are the radii based on the thermal
lens strength at the centre of the thermal lens and as solid lines are the converged stable solu-
tions of the numerical modelling for beams with thermal lens strengths based on the weighted
average of the thermal lens as a function of the beam intensity.
It is also believed that this gives insight into why asymmetric cavities are required for
TEM00 operation as in marginally asymmetric cavities the higher order modes can still
be operating in the first stability region, at a pump power where the TEM00 mode is
operating in the second stability zone. This is demonstrated in figure 3.22 which shows
the mode size at the gain medium as a function of the pump power for a cavity with
arms of 34cm and 35cm. The amplifier has the parameters defined as default in section
3.6. If the gain region size is 1mm in size, then at the exit of the first stability and the
entrance of the second stability zone when the fundamental mode is matched to the gain
mode size the second order mode is of higher intensity and as such can dominate the
extraction of the gain region suppressing TEM00 operation.
This model can also be used to explain why the system demonstrated by S. Chard
was able to produce an efficient Laguerre Gaussian ’doughnut’ mode when pumped
to the point where the thermal lens was too strong to support the fundamental mode
[95]. Figure 3.20 shows that beyond the pump level where the TEM00 mode is stable
the TEM01 mode is still stable due to the lower thermal lens strength experienced by a
beam with an intensity minima at the centre. In this system the thermal lens was made
equal in both horizontal and vertical directions by increasing the vertical pump height
and moving to very low bounce angles. This allows this cavity stability argument to be
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Figure 3.23: Figure showing the vertical thermal lens strength of an Er:YSGG bounce ge-
ometry laser QCW pumped at 100W for 1ms at 15Hz, 60Hz, and 120Hz.
valid in both the horizontal and vertical, which promotes operation in the ’doughnut’
mode at pump powers which generate a thermal lens too strong to maintain the TEM00
mode.
3.8.2 QCW pumping
One of the reasons for developing a time dependent heat diffusion model of the bounce
geometry was that it allows the modelling of QCW pumping regimes. Our group
has been recently developing an Er:YSGG bounce geometry laser operating ≈ 2.9um,
based on a similar system to the one developed by Hamilton [62, 67]. The full dis-
cussion of this system is beyond the scope of this thesis, but a few key results will be
mentioned in order to demonstrate the insight that can be gained via the use of the time
dependent heat diffusion model. The Er:YSGG laser is based on a very compact cavity,
with one HR mirror and a 99% reflectivity mirror with no vertical cylindrical lenses. In
the paper by Hamilton and in the work undertaken in our lab by S. Chard the thermal
lens is experimentally seen to become very strong when a duty cycle above around 4%
is used, causing the cavity to become unstable and limiting the output power [62, 67].
In the Hamilton paper they suggest that the horizontal thermal lens is stronger than the
vertical and it is this lens which limits the output power. Thermal modelling of the
Er:YSGG crystal in QCW pumping regimes showed that contrary to this the vertical
thermal lens is ≈6× the strength of the horizontal thermal lens.
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Figure 3.23 shows the variation of the vertical thermal lens within a bounce geom-
etry Er:YSGG laser crystal QCW pumped for 1mS at 100W at three repetition rates.
The thermal lens increases dramatically over the 1mS pump pulse and then decays until
the next pump pulse. At 15Hz this gives enough time for the thermal lens to almost en-
tirely decay before the next pulse, but at 120Hz the thermal lens can only decay slightly
before the next pulse. With a 7cm cavity arm the 15Hz repetition rate keeps the cavity
stable over the entirety of the pump pulse, but at 60Hz the cavity is only partially stable
over the pump pulse, limiting operation only to the start of the pump pulse. At 120Hz
the thermal lens in the cavity is so strong that the cavity is never stable. This correlates
exactly with the experimental results demonstrated by both Hamilton and Chard where
moving to higher repetition rate QCW pumping reduces the extraction efficiency.
This numerical modelling is included as it demonstrates the benefit of having time
dependent thermal modelling code, as this has allowed our group to confirm the rea-
soning for the loss of power at high repetition rates and as such has guided the future
development of the Er:YSGG laser system.
3.8.3 Thermal lens-less geometry
Leading on from the modelling of the thermal lens strength within a bounce geometry
laser cavity an interesting potential geometry which theoretically eliminates the hori-
zontal thermally induced lens is suggested. In section 3.3.2 it was shown that the hor-
izontal thermally induced lens is not primarily a result of the horizontal pump profile,
but due to the probing beam entering the crystal at an angle such that the temperature
decay from the front of the crystal extends far into the crystal from the pump face in
comparison to the beam width. This leads to the wings of the probe beam experiencing
a lower OPL than the centre, resulting in a thermally induced lens. It is suggested that
by correctly heating the rear of the crystal the horizontal variation in OPL across the
width of the probe beam can be reduced leading to a lower thermally induced lens.
Figures 3.24a and b show the path of a beam passing through a standard bounce
geometry laser amplifier. The centre part of the laser mode passes through the hottest
region of the crystal twice, whilst the extreme edges of the beam only pass through it
once. Due to the temperature dependence of the refractive index this optical path dif-
ference mechanism generates the dominant thermal lens in a grazing incidence bounce
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(a) (b) (c) (d) 
Figure 3.24: Figure showing the path of a beam passing through a standard bounce geometry
crystal where (a) shows the folded view, and (b) the expanded crystal view, (c) and (d) show
the same beam paths but where both the back and front of the crystal are pumped.
geometry amplifier. Figure 3.24c shows a schematic of how this horizontal thermally
induced lens can be overcome. An identical temperature distribution is present on the
back surface of the crystal as well as the front, which is most easily achieved by pump-
ing the back surface with a similar laser diode, but could also be approximated via an
external heating source. A probe beam entering the crystal, such that its horizontal cen-
tre enters at the centre of the entrance face and undergoes a total internal reflection at
the centre of the pump face, as shown in figure 3.3d, will not experience a horizontal
thermally induced lens. This is because the heating to the rear of the crystal causes
any horizontal part of the probe beam to pass through the same integrated optical path
length. Looking at figure 3.24c, at the centre of the probe beam on passage through the
crystal it starts in the cold region (white), then moves through the hot region (black) and
then back through a cold region. Paths towards the edge of the beam pass start in a hot
region, then move through the cool region and then a hot region.
This hypothesis has been confirmed through the use of the FEA code. An Nd:YVO4
crystal of 20mm ×2.5mm ×2mm is conduction cooled from the top and bottom 20mm
×2.5mm faces. A 50W top hat pump distribution which covers the full width of the
Nd:YVO4 crystal is incident on both of the 20mm ×2mm faces, totalling 100W of
pump power. This leads to a temperature distribution which decays away from both
the front and rear faces of the Nd:YVO4 crystal. The probe beam is passed through
the centre of one of the 2.5mm×2mm crystal faces angled such that it undergoes total
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internal reflection from the centre of the pump face before exiting at the centre of the
other 2.5mm×2mm faces.
−1 −0.5 0 0.5 1
x 10−3
1
1.5
2
2.5
3
3.5 x 10
−6
Position / m
O
PD
 / 
m
 
 
Double Pump
Single Pump
(a)
−1 −0.5 0 0.5 1
x 10−3
−0.5
0
0.5
1
1.5
2
Position / m
D
io
pt
ric
 P
ow
er
 / 
m
−
1
 
 
Double Pump
Single Pump
(b)
Figure 3.25: Figure a shows the horizontal optical path difference (OPD) as a function of the
position across the beam for the double pump, thermal lens less geometry and for comparison
the single pumping, both at 50W per pump. Figure b shows the similar dioptric power of the
two crystal geometries as a function of the beam position.
Figure 3.25(a) shows the OPD of the double pumped crystal geometry as calculated
from the FEA model of the heat diffusion within the pumped laser as well as a reference
plot of the OPD with only the classical single side pumping. The flat topped OPD curve
of the double pumped crystal system shows that as anticipated this specific pumping
geometry and beam width gives no OPD across the profile of the laser mode under
amplification. Examining the dioptric power of this resultant OPD, as shown in figure
3.25(b), shows that the thermally induced dioptric power in the horizontal is minimised
to near zero levels.
How to develop into a realistic geometry
The key aspects of this system are the top-hat pumping from both sides of the crys-
tal with the laser mode entering at an angle such that the centre of the beam bounces
from the centre of the pump face and enters at the centre of the entrance face. If these
conditions are met, to first order there will be no thermal lens in the horizontal.
In order to build a physical implementation of this system a few issues would have
to be addressed. The heating of the rear surface could be accomplished by a Peltier
plate, but as the heating of the crystal from the pump radiation occurs over a depth
determined by the absorption coefficient of the laser material the rear heating of this
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nature would only be an approximation valid in the case where the pump absorption
coefficient tends to infinity. As such it would be better to implement this system with a
rear pumping as discussed in the modelling above, but this may introduce problems with
parasitic oscillations within the cavity. As such if this double pump geometry were to
be employed it would be imperative to efficiently extract the population inversion from
both the front and rear pumped regions, either through an extra-cavity optical system or
in a monolithic geometry.
3.9 Conclusion
This chapter aimed to understand in a more quantitative manner the thermally induced
lensing within the bounce geometry, with the aim of using this information to aid op-
timisation of bounce geometry laser amplifiers as well as allow the design of new ge-
ometries.
This has been accomplished firstly through the construction of a theoretical model
which allows first order description of the thermal lens strength within a simplified
bounce geometry laser amplifier and secondly through the coding of a full anisotropic
3D FEA model which allows investigation into more realistic operational parameters.
These combined models have shown that in order to minimise the horizontal ther-
mally induced lens within a bounce geometry laser crystal it is important to use a hori-
zontally Gaussian pump profile which is as horizontally wide as possible. The internal
bounce angle of the laser mode should be maximised and the vertical height of the laser
crystal should be minimised.
It has been shown that the horizontal thermal lens strength can be reduced by a
factor of ≈ 4 by utilising a sapphire cooling crystal mounted onto the pump face of
the Nd:YVO4 crystal. This will act well for bounce angles greater than ≈ 6◦, but may
degrade the beam quality if smaller bounce angles are utilised.
The thermal modelling has been used to explain some of the intricacies of the op-
eration of a bounce geometry amplifier in linear cavities. The work of Magni suggests
that there are four points within a cavity stability where the TEM00 laser mode will be
matched in size to the gain region, promoting natural TEM00 operation. Experimentally
only two of these are seen, at the entrance of the first and second cavity stability regions.
By examining the thermal lens strength experienced by higher order Hermite-Gaussian
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modes within a laser cavity it has been shown that the aberrations present within the
bounce geometry laser cavity offset the stability of higher order cavity modes from the
TEM00 mode. As such it is suggested that TEM00 operation at the exiting edge of each
cavity stability region is not possible as higher order modes can be better matched to the
gain region and as such dominate over the TEM00 mode. This reasoning has also been
applied to explain why a system developed by S. Chard was able to maintain a ’donut’
beam in a laser system beyond the point at which the TEM00 mode had lost stability
[67, 95].
This modelling of the thermal lens within a bounce geometry has led to the theoret-
ical specification of a new laser geometry based loosely on the bounce geometry which
may allow negation of the horizontal thermally induced lens. This is accomplished by
pumping a rectangular laser crystal from both sides with top hat profile across the full
width of the crystal. This leads to a laser mode not seeing any horizontal OPD across
the width of the beam, and as such no horizontal thermally induced lensing. This work
has not be undertaken experimentally yet, but is an interesting area for future research.
In conclusion this chapter has developed a better understanding of the thermal lens-
ing within a bounce geometry leading to better understanding of the thermal lens, its
implications to the behaviour of bounce geometry laser cavities and has allowed the
theoretical development of a novel laser geometry which offers interesting new areas of
research.
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Chapter 4
Single Longitudinal Mode Ring Lasers
High power single longitudinal mode (SLM) lasers are of use in many applications from
remote sensing and metrology, to spectroscopy, nonlinear frequency conversion and
light detection and ranging (LIDAR) [102]. The requirement for high power sources is
usually accomplished through a master oscillator power amplifier (MOPA) setup, where
a low power oscillator is amplified [103–108]. This is a highly successful approach but
MOPA systems generally require relatively large footprints as well as requiring critical
alignment of the amplifier stages. Thus the design of higher power SLM oscillators is of
interest as it offers the ability to reduce the complexity, size and cost whilst increasing
the robustness and stability of the system.
In laser cavities where counter-propagating beams exist within the gain medium
spatial hole burning limits the extraction of gain by a single spectral mode. SLM opera-
tion is then limited to low powers as at higher pump powers other spectral modes, which
can access the unextracted gain, reach threshold. High power SLM lasers are generally
based on the use of a unidirectional ring laser, be it in an extended cavity [51, 109],
semi-monolithic [110] or in a fully monolithic device [111, 112], although they have
also been implemented in self-starting adaptive oscillators [60, 113].
Ring lasers, constructed such that the gain medium is only propagated through once
on each cavity round trip, allow two modes of operation, the clockwise and anticlock-
wise. Suppression of one of these cavity directions eliminates spatial hole burning
within the gain medium allowing full extraction of the population inversion by a single
longitudinal mode, stopping any other longitudinal modes from reaching laser thresh-
old. Unidirectionality of a ring laser is commonly, and successfully, imposed through
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the use of a Faraday isolator element which acts as an optical diode, suppressing one
cavity oscillation direction [51, 114, 115]. This has also been demonstrated in mono-
lithic devices utilising the natural Verdet constant of the gain medium [65, 111].
These systems have limitations of their design. Inclusion of a Faraday isolator into
a system adds a significant intra-cavity loss, which can be as high as 10%, reducing
the efficiency and limiting operation to high gain crystals and amplifiers, as well as
increasing the size, weight and cost of the system. Monolithic operation removes these
additional losses, but is also limited as it can only be utilised in media with reasonably
high natural Verdet constants. As such there is a demand for new mechanisms for
inducing unidirectionality within a ring laser which do not include additional intra-
cavity optics whilst being general enough to be applied to a generic laser media.
Self-organisation is an inherent mechanism in all laser systems although it is of-
ten overlooked. The self formation of spatial and spectral modes, competition between
modes and much spatio-temporal dynamics are driven by the intrinsic non-linearity of
saturable gain in the laser amplifier medium coupled with feedback from a resonator
structure [3]. It is highly insightful to consider the growth, extinction and competition
of modes in a laser system as an evolving ecosystem with modes as species growing
by stimulated emission in the gain medium, decaying by intra-cavity and output cou-
pling losses, and having to compete for the common, but finite, resource of gain which
is supplied by an external excitation source. The outcome of species competition is
a survival-of-the-fittest that determines the final steady-state output or dynamical set
of modes that can continue to persist. The common technological approaches of laser
design are to hard-wire and constrain the system to operate in a particular mode of oper-
ation. A very simple example of this is an intra-cavity pin-hole aperture used for selec-
tion of the lowest order spatial mode. Preferential low diffraction loss is experienced by
the axially-strong TEM00 mode constraining this mode as the sole winner with larger
sized higher order modes unable to survive [8]. Other hard-wiring designs require much
more complex and expensive solutions. Additionally, by its nature, a design that con-
strains the state-space may only be successful over a limited operation range. It is one
of the purposes of this chapter to show that an alternative to hard-wired constraint may
be possible in some cases, based on more fully exploiting the self-organising nature of
a laser to achieve the required control with reduced requirement of hard-ware resources
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and with more flexibility. The implementation system investigated in this chapter is the
control of uni-directionality in a ring laser.
In this chapter an investigation is presented into whether the inherent dynamics of
the gain media and oscillating cavity fields within a ring laser can be manipulated into
self-organising themselves to operate unidirectionally. Two successful self-organising
setups for inducing unidirectionality are presented: The first mechanism operates by
breaking the symmetry of the ring laser by passing one of the output modes back
through the gain medium in what is termed a ‘parasite’ beam; The second method op-
erates by retro-reflecting one of the output beams back into the ring cavity, suppressing
the beam from which it was formed.
4.1 Bounce geometry ring lasers
A previous demonstration of SLM ring laser operation utilising a bounce geometry am-
plifier was reported by B. Thompson in 2004 [51]. The bounce geometry is not an ideal
amplifier for SLM ring lasers as the total internal reflection at the pump face leads to
an inherent self-overlap of the laser mode within the gain region. This will cause spa-
tial hole burning and operation on multiple spectral modes. This is a common feature
in many laser geometries where self-overlap of the lasing mode occurs within a gain
region. This has led to a number of interesting mechanisms to overcome this being im-
plemented [111, 116]. Despite these issues B. A. Thompson demonstrated SLM mode
power of up to 15W without the inclusion of additional frequency selective elements,
such as a Fabry-Perot (FP) etalon. This work also showed an interesting self-organising
method for inducing unidirectionality onto a ring cavity. It was shown that a ring cavity
with an intra-cavity λ/2 waveplate and the output coupler (OC) replaced with a po-
lariser would run unidirectionally, with the dominant direction based on the order of
the waveplate and polariser. It was seen that the cavity direction which experienced po-
lariser then waveplate would be suppressed. This was attributed to one of two effects,
either this allowed horizontally polarised amplified spontaneous emission (ASE) from
the amplifier to be converted into vertically polarised light, which would supplement
one cavity directions power causing it to dominate, or that a non-lasing horizontally po-
larised beam was present in one direction in conjunction to the cavity mode, this stole
available gain from the cavity modes causing the direction which formed this non-lasing
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Figure 4.1: Schematic showing a bidirectional ring laser based around a diode side pumped
Nd:YVO4 amplifier. Two directions of operation are possible, the clockwise (CW) and the
anti-clockwise (ACW). These two oscillation directions emit two angularly separated beams
from the output coupler, P′CW from the CW mode and P
′
ACW from the anti-clockwise mode.
mode to be suppressed. These are both interesting and plausible manners in which uni-
directionality within a ring laser could be imposed, but in the system presented by B. A.
Thompson it was not possible to disentangle these two mechanisms in order to inves-
tigate their behaviour. In the following sections the gain stealing, or ‘parasite’, mech-
anism will be explored in a manner in which it can be disentangled from additional
ASE and cavity mode seeding. The additional power seeding mechanism will also be
investigated as a practical way of inducing unidirectionality onto a ring laser.
4.2 Bi-directional ring laser
To understand how to self-organise a ring laser into operating in a unidirectional manner
it is important first to understand why a ring laser naturally operates bidirectionally.
Figure 4.1 shows a schematic of an example ring laser cavity based around a stan-
dard bounce geometry amplifier as described in section 2.3.2. The gain medium is a
1.1 at.% doped Nd:YVO4 slab crystal side pumped by a diode bar at 808nm. A pair
of 50mm focal length cylindrical lenses (VCL1 and VCL2) on either side of the gain
medium were used to match the spatial overlap of the TEM00 cavity mode to the active
gain region. The cavity is built of two mirrors and a 46% reflectivity output coupler,
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forming a three point ring cavity. It is possible for the ring cavity to oscillate in either,
or both of the CW and ACW directions. The outputs of which (P′CW and P
′
ACW) are
angularly separated from their common exit through the OC. It may be expected that
one of the laser cavity directions would be able to win out over the other to dominate
the extraction of the gain, or for both modes to reach a stable operational power, but this
behaviour is rarely observed. In fact the temporal variation in the output powers from a
bidirectional ring laser is often described as exhibiting deterministic chaos [117–120],
and as such it has garnered much interest both from the mathematical and a more ap-
plied side as it has potential as a method for key generation for secure communication
[121].
This unstable operational powers between the two output arms are due to a num-
ber of effects, which all act to destabilise the directional output powers. Self-saturation
and cross-saturation effects increase the unextracted gain within the amplifier and can
promote temporally dynamic multi-wavelength operation. Injection locking is the pro-
cedure where a low power laser is incident into one of the cavity directions of a ring
laser. This additional source of power travelling in one of the cavity directions can be
enough to suppress the other cavity direction, and can also lock the wavelength. In non-
seeded ring lasers scatter from optics and power meters can injection lock by passing
some of the output power back into the cavity. But this is inherently unstable as this
injection locking suppresses the cavity mode from which it was formed.
The temporally unstable output from the bidirectional ring laser is shown in figure
4.2(a). The output power into each arm is unstable with the dominant arm switching
between the clockwise and anti-clockwise direction at an ill-defined temporal interval.
Previous investigations into similar bi-directional laser systems suggest that the switch-
ing is chaotic, but confirmation of this is non-trivial and as such has not been attempted.
The total output power into both arms is shown to be approximately equal, such that the
power into each output arm is anti-correlated in time so that when one cavity direction
is of high amplitude the other is of low. To corroborate the evidence for unstable tem-
poral power output figure 4.2(b) shows an example Fabry-Perot spectrum of one output
of the bidirectional ring laser. The multiple sets of concentric circles within one free
spectral range (FSR) show that the output contains many distinct longitudinal modes.
This Fabry-Perot image is given as an example as this output was temporally unsta-
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Figure 4.2: (a) Traces of the temporal instability of the anticlockwise (P′ACW) and clockwise
(P′CW) output powers from the bidirectional ring laser. (b) An example Fabry-Perot spectrum
of one of the outputs from the bidirectional ring laser showing operation on multiple longitu-
dinal modes, this pattern is not stable but always shows operation on multiple spectral modes
to within the time resolution of the CCD camera.
ble, with the set of longitudinal modes sampled within the temporal resolution of the
CCD camera, changing frame to frame. The Fabry-Perot spectrum was never observed
to show the bidirectional ring laser operating on a SLM. This is suggestive that spatial
hole burning within the gain medium is allowing multiple longitudinal modes to operate
in order to fully extract the gain.
Experimentally it was evident that in this ring laser, which utilised the high gain
bounce geometry amplifier, that the mode competition dynamics were heavily depen-
dent on the scatter emanating from the two power meters used to measure the relative
powers of the two output beams (P′CW and P
′
ACW). This was ascertained as when one of
the power meters was closer to the output coupler than the other, more power would be
entering the more distant power meter. This is suggestive that significant non-specular
reflection from the power meters is injection-locking the cavity modes. As mentioned
this mechanism is inherently unstable as if power is dominant into one of the output
arms, say P′CW, then scatter back into the cavity will couple into the anticlockwise cav-
ity mode, PACW, increasing the gain extraction and thus output power of the P′ACW
beam. This leads to inherently unstable operation, which tallies well with the unstable
output power temporal traces shown in figure 4.2(a).
It is clear that the bounce geometry ring cavity oscillator does not naturally run
either unidirectionally or in a SLM spectral output. The inherent dynamics form a very
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complicated survival of the fittest of the cavity modes. This appears to be inherently
unstable, leading to anti-correlated power fluctuations in the two directional outputs. It
is clear that this strong mode competition is present, the question remains of whether
this mode competition can be manipulated to produce unidirectional SLM operation?
4.3 Parasitic ring laser
In this section, an investigation into an innovative alternative method for achieving uni-
directional ring laser operation without the requirement of a Faraday element is re-
ported. The method employs formation of what is termed a ‘parasite’ beam to control
the mode competition within the gain media in order to achieve unidirectional opera-
tion. The method is entirely self-organising in its performance and by incorporating just
a simple mirror system the principles of the parasite method in an experimental bounce
geometry diode pumped solid-state (DPSS) laser system are demonstrated.
CW
ACW
Gain Medium
Output
Coupler
Parasite
Beam
Output
Beam
Figure 4.3: Concept diagram of the parasitic ring laser. The output from the anticlockwise
cavity direction is fed through the amplifier, the parasite, whilst the output from the clockwise
cavity direction is freely ejected from the system. The asymmetry of the outputs breaks the
cavity directional symmetry.
Figure 4.3 shows a ring laser composed of three mirrors M1, M2 and M3 in which
two counterpropagating directions, clockwise (CW) and anticlockwise (ACW), can os-
cillate whilst sharing a single gain medium. In this concept diagram, the two coun-
terpropagating cavity directions are coupled out of the cavity by a partially reflective
output coupler (OC). The output from the CW cavity direction is allowed to freely exit
the system whilst the output from the ACW cavity direction is passed through the intra-
cavity gain medium. This beam is amplified and then allowed to leave the system. This
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extra pass of the gain region breaks the symmetry of the two lasing directions.
The output which is passed through the gain medium is defined as a parasite beam
as it shares certain analogies with a biological parasite. The hosts, in this system, are
the two internal cavity modes in the CW and the ACW directions. The parasite beam,
through extraction of the gain medium, reduces the amplification available to the host
cavity modes. This is analogous to a biological parasite which steals some resource
from a host. It should be noted that the parasite in this system is born from the output
of one of the cavity directions (the parent host).
The extraction of gain by the parasite beam will change the cavity dynamics as it
reduces the gain available to the cavity modes as well as altering the cross saturation
coupling between the modes. This may not be equal for the two cavity directions due
to the asymmetry of the parasite re-injection into the gain medium. This re-injection
breaks two symmetries of the bidirectional ring laser: firstly the parasite is only formed
from one of the two cavity output beams. Secondly on passing the parasite through
the amplifier it near co-propagates to one of the cavity directions whilst near counter-
propagating to the other. Any slight misbalance in gain between the two cavity direc-
tions resulting from this asymmetry may lead to unidirectional operation of the ring
laser [65].
4.3.1 Experimental system
Figure 4.4 shows a schematic of the experimental ring laser system used to investigate
the parasitic beam effect. A ring cavity is constructed around a diode pumped solid
state gain medium. The output of the CW and ACW cavity directions are in two separate
beams labelled P′CW and P
′
ACW, respectively. The gain medium used was a high gain 1.1
at.% Nd:YVO4 crystal slab of dimensions 20mm×5mm×2mm side pumped at 808nm
by a diode bar. This slab was operated in the bounce geometry whereby a grazing
incidence (≈7◦) total internal reflection upon the pump face provides efficient mode
matching between the cavity modes and the gain region [43]. The crystal end faces
were angled at 14◦ and antireflection coated at the lasing wavelength, 1064nm, in order
to prevent self-lasing within the crystal [43, 51]. The cavity was built as a three point
ring composed from two high reflectivity mirrors (M1 and M2) and a 46% reflectivity
output coupler (OC). A pair of 50mm focal length cylindrical lenses (VCL1 and VCL2)
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Figure 4.4: Schematic diagram of the counterpropagating parasitic ring laser cavity. The
parasite beam (PPAR) is formed from the output of the clockwise cavity direction (P′CW)
whose strength is controlled by a variable transmission element (VTE).
on either side of the gain medium were used to match the spatial overlap of the TEM00
cavity mode to the active gain region.
The parasite beam (PPAR) is formed from the output of the CW cavity direction
(P′CW) and is passed through the amplifier, via mirrors M3, M4 and M5 at ≈9◦ grazing
incidence angle. This setup is defined as the counter-propagating parasitic ring laser as
the parasite beam near counter-propagates within the gain medium to the CW parent
cavity direction from which it was formed.
A variable transmission element (VTE), composed of a λ/2 retardation plate fol-
lowed by a Faraday isolator, was added into the parasite arm to suppress any ASE from
the gain medium counter-propagating to the parasite beam which could be attributed for
any unidirectionality seen. This disentangles the two potential mechanisms discussed
by B. A. Thompson [51] allowing pure probing of the effects of a parasitic beam. This
VTE also has the additional advantage of being able to control the parasite beam power
(PPAR) entering the amplifier. Also shown on the figure are an intra-cavity FP etalon
used to maintain SLM to higher powers and an aperture (A).
4.3.2 Unidirectionality by parasite beams
When the parasite arm is blocked the laser runs bidirectionally, exhibiting antiphase
dynamics as expected from a ring laser with strong mode coupling [120]. As previously
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Figure 4.5: Showing the variation in the clockwise (P′CW) and anticlockwise (P′ACW) di-
rectional output powers with changing transmission of the clockwise output into the parasite
beam (PPAR). A waveplate angle of 45◦ refers to a minimum of transmission of the parasite
into the amplifier.
shown in figure 4.2(a) the output powers fluctuate in an anti-correlated unstable manner
whilst maintaining approximately equal total power output i.e. when one directional
output beam is of high power the other is of low power.
When the parasite was transmitted into the amplifier the bidirectional behaviour
ceased and the cavity ran unidirectional with the ACW mode dominating (P′ACW). Ad-
ditionally the output maintained a SLM and TEM00 mode of operation. Figure 4.5
shows the ACW output power (P′ACW) and the CW output power (P
′
CW) over varia-
tion of the transmission of the parasite into the amplifier. The transmission is given by
TPAR = cos22θ where θ is the angle of the waveplate. At full transmission of the para-
site (waveplate angles of 0◦ or 90◦) a unidirectionality (P′ACW/P
′
CW) of over 120:1 was
measured. In contrast at the minimum transmission of the parasite, wave plate angle of
45◦, the system operates bidirectionally with roughly equal time averaged directional
output powers as seen when the parasite arm was blocked. It is noted that at zero trans-
mission of the parasite beam that the power in the two cavity directions is not quite
equal. This is believed to be due to a combination of a small leakage of the parasite
through the variable attenuator and other reflective feedbacks giving a slight bias to one
direction of oscillation.
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Figure 4.6: Showing the temporal behaviour of the output power, parasite power and ampli-
fied parasite power of a bidirectional ring as a counterpropagating parasite beam is allowed to
propagate into the system
The time dynamics of the counterpropagating parasitic ring, figure 4.4, were inves-
tigated by switching from 0% transmission of the parasite to 100% transmission. This
was accomplished by digitally switching the parasite beam transmission at a position
between the Faraday isolator and M5 in figure 4.4. This position was chosen as any
diffuse reflection from the parasite block will not propagate back into the cavity. Figure
4.6 shows the time dynamics of the power of the CW and ACW cavity direction output
beams (P′CW and P
′
ACW, respectively) under these conditions as monitored by a pair of
photodiodes and an oscilloscope.
Whilst the parasite arm is blocked (-0.8ms→0ms in figure 4.6), the cavity runs
bidirectionally. At 0ms the parasite arm starts to be unblocked. The power of P′CW,
the parasite seeding output, starts to drop slightly while the power of the output beam
(P′ACW) starts to increase. At ≈0.3ms the power of P′CW drops to near to zero, with
all power primarily transferred to P′ACW. The two output directions, P
′
ACW and P
′
CW
then undergo relaxation oscillations until they re-establish a new steady state where
P’ACW ≈120P′CW .
For clarity of terminology the unidirectionality (U) of the output is defined as the
ratio of the power oscillating in the anticlockwise direction (PACW) to the power oscil-
lating in the clockwise direction (PCW). This is equivalent, assuming no losses at the
intra-cavity optics, to the ratio of the respective output powers (P′ACW / P
′
CW ).
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Figure 4.7: Showing the Output power and unidirectionality of the counter propagating
parasite laser system as a function of the pump power.
U =
PACW
PCW
=
P ′ACW
P ′CW
(4.1)
It was found that the unidirectionality of the counterpropagating parasitic ring laser
could be improved through the introduction of an intracavity aperture (A), as shown
in figure 4.4. Without the intra-cavity aperture the parasite beam, and its parent (CW)
mode, were observed to be capable of self-organising into a higher order aberrated mode
in order to reduce the spatial overlap of the two cavity modes and the parasite within
the gain medium. By constraining the possible cavity modes with the hard aperture
this behaviour ceased. At optimum aperture size a TEM00 SLM power of 6.30W was
obtained with an improvement of the unidirectionality to over 350:1, as shown in figure
4.7.
Across the full pump range the system was seen to operate on a stable SLM with a
bandwidth <60MHz, which was the resolving power of the FP etalon, where the cavity
mode spacing was ≈ 600MHz. A Fabry-Perot image of the spectral mode at 6.30W
output power is shown in figure 4.8(a). Figure 4.8(b) shows the M2 trace of the output
beam passing through an imposed focus, the M2 values of this output were seen to be
1.51 and 1.27 in the horizontal and vertical respectively.
A further system was investigated for clarification of the dynamics whereby the par-
asite beam was fed through the system such that it copropagates within the gain medium
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Figure 4.8: (a) Showing the Fabry-Perot spectrum of the counter-propagating parasite laser
at 6.30W. (b) The horizontal and vertical M2 trace of the counter-propagating parasite laser.
to the parent beam from which it was formed. This was performed by switching the di-
rectional cavity output beam which was fed into the parasite arm from P′CW to P
′
ACW,
as shown in figure 4.9. This copropagating parasitic ring laser was seen to oscillate
with strong unidirectionality with high power into the parasite arm and dominance of
the co-propagating parent, PACW.
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Figure 4.9: Schematic diagram of the copropagating parasitic ring laser cavity. The parasite
beam (PPAR) is formed from the output of the anticlockwise cavity direction (P′CW) whose
strength is controlled by a variable transmission element (VTE).
Both the counterpropagating parasitic ring cavity (figure 4.4) and the copropagating
parasitic ring laser show suppression of the cavity direction which counterpropagates
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to the parasite within the gain medium. In the copropagating parasite ring laser this
leads to the majority of the power from the cavity leaving in the amplified parasite
beam (PAMP). Whilst in the counterpropagating parasite ring laser the parasite forming
direction (P′CW) is suppressed leading to the majority of the power oscillating in the
ACW cavity direction with a single high power output (P′ACW). It is clear from this
result that it is not the parasite parent beam which is important, but the direction which
the parasite is passed through the gain medium in reference to the propagation direction
of the cavity modes.
To induce unidirectionality on a ring laser it is known that only a small asymmetry
between the directional cavity losses and gains is needed, which can be as low as 0.01%
[65], although this factor will be dependent on the specifics of the oscillator. In the
parasitic ring laser system, the suppression of the counter-propagating cavity direction
may be due to a number of mechanisms. These include an asymmetric gain distribution,
spatial hole burning, gain grating and scattering effects.
An asymmetric gain distribution will be induced upon the system through the in-
troduction of the parasite beam from one side of the amplifier. In a bidirectional ring
cavity the two cavity directions oscillate symmetrically with on average equal powers.
Solving the equations for the population inversion across the gain region shows that
after gain extraction the region of highest population inversion is in the centre of the
crystal with population inversion decreasing towards the edges. This population inver-
sion distribution is symmetric about the centre of the crystal, with both cavity directions
seeing the same integrated gain over a single pass of the amplifier. The amplification of
the parasite beam breaks this symmetry as it extracts more population inversion from
the side of the crystal from which it exits. This perturbs the population inversion profile
through saturation effects, shifting the highest gain region away from the centre. As
the two cavity directions counter-propagate through the gain region this perceived gain
profile asymmetry can change the effective integrated gain that the two cavity directions
experience on a pass through the amplifier.
[34, p187-211] [122–124]. [124]
A second possible mechanism that can be considered is that of back and forward
scattering of the parasite beam from surfaces or within the bulk of the optics. Back
scattering does not intuitively offer a mechanism which may be causing the unidirec-
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tionality as any light reflected from the parasite by intracavity optics should always act
to suppress the co-propagating cavity direction, which has not been seen. From the
same argument forward scattering may act to suppress the counter-propagating beam
as seen experimentally. It is expected that backscattering is much stronger than the
forward scattering and so this mechanism seems unlikely, but at this time it cannot be
discounted.
The final possibility for the mechanism which induces the unidirectionality is via a
wave mixing interaction based upon the spatial hole burning within the gain medium.
The two counterpropagating cavity modes and the extra-cavity parasitic beam will form
interference patterns within the gain medium, which will spatially modulate the gain,
leading to beam coupling. It is well known that the interaction of two beams within
a saturable gain media will lead to coupling between the modes [34, p187-211] [122–
124]. It is possible that suppression of the counter-propagating cavity mode is due to
power moving from the extra-cavity pass into the co-propagating cavity mode. This
occurs via the two-wave mixing from the gain grating when these two beams are of
different powers [124]. The parasite will form the highest contrast grating with the
cavity mode to which it nearly co-propagates, as the intensities will be better matched
throughout the gain medium. This would lead to a greater reduction in the gain of the
co-propagating beam, and it’s subsequent suppression, which contradicts the experi-
mental evidence.
A system related to the one discussed here, but with two ‘parasite’ beams, one emi-
nating from each of the output directions of the ring cavity was theoretically suggested
by Klimenkova as a way of stabilising bidirectional operation of a ring laser by this
gain grating interaction [125]. This theoretical model is suggestive that with a single
‘parasite’ beam it would be the co-propagating beam that would be suppressed, not the
counter propagating beam as seen experimentally. This comparison of our experimen-
tal results with this theoretical work is suggestive that a gain grating interaction is not
the dominant mechanism driving the unidirectionality observed within the parasitic ring
laser.
This first demonstration as a method for inducing unidirectionality through a para-
site beam in ring laser cavity is shown to work, but in this bounce geometry amplifier
system the extraction efficiencies are too low to make this a viable replacement to the
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use of a Faraday isolator. The main problem with this method was that the cavity modes
had too much freedom in their operation. With the aperture fully open the efficiencies
were akin to those expected from a bounce geometry amplifier, but high contrast uni-
directionality was not seen. This was because the cavity was able to self-organise its
transverse operational mode so that the intra-cavity modes and the extra-cavity pass
of the gain media were not overlapping. It was only by constricting the aperture and
reducing this freedom that this was stopped and it was preferential for the cavity to
run unidirectionally. Careful cavity design could overcome this in the future by better
matching of the fundamental horizontal laser mode to the extent of the gain region. It
may also be worth investigating the use of a diffusing plate in the parasite beam distort-
ing the parasite mode. This will reduce the chance of the cavity modes finding a spatial
mode which allows reduction of the overlap between the intra and extra-cavity passes
of the gain region.
4.3.3 Parasitic ring laser summary
In summary self-organising laser design, biologically inspired by the effect of a para-
site has been demonstrated. By forming a parasite beam from one of the cavity output
directions, which is then passed through the gain medium such that it steals gain from
the cavity modes a symmetry break is imposed upon the system. It has been shown
that this parasite beam acts to suppress the cavity direction which counter-propagates
to it within the gain medium. Through cavity design this is shown to allow suppres-
sion or dominance of the cavity direction which forms the parasite beam. Using this
mechanism to suppress one of the ring cavity directions by over 350:1, a SLM TEM00
laser with output power of 6.30W has been demonstrated. This not only represents a
first implementation of a new method to induce unidirectionality onto a ring laser, but
shows promise to a new design strategy for laser systems where self-organisation can
be more fully utilised in order to ‘soft’ engineer desirable properties without the use of
hard wired control.
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4.4 Retro-reflection ring laser
The use of a parasite beam has been shown to be able to induce unidirectionality onto
a ring laser, but the SLM efficiency and output powers were much lower than those re-
ported for a bounce geometry Nd:YVO4 ring laser including a Faraday isolator [51]. As
such an investigation into other self-organising methods of inducing unidirectionality
warrants investigation.
The work by B. A. Thompson suggested that unidirectionality may be imposed by
increasing the seeding of one of the cavity directions, from ASE or the laser modes [51].
This situation is akin to the case of injection locking, but not with an external source,
just the ASE from the gain media. This can be accomplished by retro-reflecting one of
the output arms from the ring cavity back into the cavity, thereby seeding the other os-
cillation direction. This method is commonly overlooked as a method of inducing uni-
directionality as suppression of the cavity direction which feeds into the retro-reflection
mirror has only been implemented with limited success [109, 126, 127].
In this section an experimental investigation of the unidirectional properties of a
SLM ring laser based around a high single pass gain (≈ 104 [30]) bounce geometry
amplifier in which unidirectionality is induced through retro-reflection of one of the
output arms is presented. This is the first time, to the best of our knowledge, that a
retro-reflection scheme has been implemented in such a high single pass gain system.
This investigation demonstrates the benefit of the retro-reflection methodology in terms
of high unidirectionality and production of high SLM output powers. This has impli-
cations in the design and simplification of unidirectional ring lasers as it removes the
requirement for an intra-cavity optical diode.
We also demonstrate, for the first time to our knowledge, the implementation of a
novel self-intersecting MOPA system. Through an additional pass of the intra-cavity
gain medium the cavity mode can use part of the gain region as an amplifier and part as
an oscillator. This differentiation of function of the gain medium is shown to increase
both the efficiency and the TEM00 output power attainable in a high quality output. A
discussion is made to show that there is a self-organising element to this partition of the
gain region. This has implications for power scaling of the TEM00 stability region in
bounce geometry amplifiers.
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Figure 4.10: Schematic of the retro-reflection ring cavity based around a diode-pumped
solid-state ND:YVO4 amplifier operated in the bounce geometry. Unidirectionality is imposed
by the retro-reflection of the output from the clockwise cavity mode P′CW by mirror M3.
4.4.1 Experimental setup
A schematic of the ring laser is shown in figure 4.10. The laser crystal was an a-cut
1.1 at. % Nd:YVO4 slab with dimensions 2mm×5mm×20mm. The two 2mm×5mm
end faces were anti-reflection (AR) coated at 1064nm and angled at 14◦ in order to
suppress parasitic lasing. The crystal was pumped by a 50W diode bar at 808nm which
was focused by a vertical cylindrical lens (VCLD) with a focal length of 12.7mm onto
the 20mm×5mm face of the crystal, which was AR coated at 808nm. This produced
a narrow vertical region of population inversion spread across the horizontal 20mm
length of the crystal. The absorption depth of Nd:YVO4 for the pump wavelength is
≈300µm so high population inversion is confined to a narrow region just inside the
pump face. The lasing mode was aligned through the crystal in the bounce geometry,
such that it undergoes a grazing incidence (≈7◦) total internal reflection at the pump
face. This provides excellent overlap of the pumped region with the lasing mode as
well as offering spatial averaging of both the population inversion and refractive index
non-uniformity [17, 20, 30, 43, 46]. Spatial matching of the laser mode in the vertical
was accomplished by a pair of 50mm vertical cylindrical lenses (VCL1 and VCL2).
The ring cavity itself was formed with two high reflectivity mirrors at 1064nm (M1
and M2) and a 46% reflectivity OC. The ring cavity had a loop length of ≈51cm. A
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weak negative horizontal cylindrical lens (HCL) of focal length -500mm was added
near to one of the 2mm×5mm crystal faces in order to reduce the effective power of
the horizontal thermal lens. This maintained cavity stability up to the maximum pump
power of 50W at the cost of cavity stability at low pump powers.
Unidirectionality of the system was imposed through the introduction of a high re-
flectivity at 1064nm mirror (M3). This was aligned without interferometric precision to
retro-reflect the output from the clockwise cavity direction back into the anti-clockwise
direction [109, 126, 127].
High power SLM operation of a unidirectional bounce geometry ring laser is not
believed to be inherently stable at high pump powers due to the interference from self-
overlap of the lasing mode within the bounce region of the gain medium. In order
to improve SLM selection a Fabry-Perot etalon (FP) of free spectral range = 10GHz
and Finesse = 7 was added into the cavity. Inclusion of the FP was found to suitably
maintain SLM operation throughout the full pump power range.
The ring laser was operated in two regimes. In the first regime the primary output
P′ACW was allowed to freely leave the system. In the second an additional extra-cavity
pass of the gain medium by the oscillator output beam (P′ACW) was performed. In this
second case P′ACW is fed via mirrors M4 and M5 back through the intra-cavity gain
medium, before being allowed to exit the system as PAMP. This beam is passed through
the gain medium such that it undergoes an ≈ 9◦ internal bounce angle. This setup is
discussed as a self-intersecting MOPA arrangement in section 4.4.3.
4.4.2 Unidirectionality by retro-reflection
Unidirectionality by retro-reflection of one of the output directions of a ring cavity has
been demonstrated in many systems but the degree of unidirectionality has not been high
[109, 126, 127]. Siegman discusses that retro-reflection of one of the output directions
as working only crudely to enforce unidirectionality giving intensity ratios of the two
output directions of up to 50:1 [79, p535]. This technique of inducing unidirectionality
onto a ring resonator is hence often overlooked.
Figure 4.11 shows the output power and the unidirectionality (U) of the setup shown
schematically in figure 4.10 without the additional amplifier pass. TEM00 operation was
maintained up to 15W of output power from 37W of pump power, with higher pumping
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Figure 4.11: Output power and unidirectionality of the ring cavity with the unidirectionality
imposed through retro-reflection of the clockwise cavity direction output.
levels resulting in the beam operating in higher order horizontal transverse modes.
The unidirectionality (U) of the system was measured through the calibrated trans-
mission of mirror M3. This showed a unidirectionality of ≈2500:1 at maximum pump-
ing of 50W pumping with a multi-mode horizontal transverse beam profile and output
power of 24.6W. This demonstrates that a high level of unidirectionality at high output
powers can be imposed using this technique, even when the cavity is not operating in
TEM00. This method of imposing unidirectionality is often said to not fully suppress
one cavity direction[p535]Siegman1986. This system demonstrated, what was believed
to be full suppression of one cavity mode, with the small power in the other cavity direc-
tion being purely due to ASE. Figure 4.11 shows that the unidirectionality was reduced
from 2500:1 at lower pump powers. This is not indicative that this mechanism does not
operate as well at low powers, but just that this system was optimally aligned for 50W
pumping. Optimal aligning of the retro-reflection mirror at lower pump powers yielded
a similar high level of unidirectionality. The high unidirectionality led to an oscillator
that ran SLM throughout its full power range of operation. Its spectral bandwidth was
measured as < 60MHz, which was the resolving power of the Fabry-Perot etalon used
in the analysis. This high unidirectionality and resultant SLM operation is suggestive
that in opposition to many previous investigations the retro-reflection of one of the out-
put directions from a ring laser is a viable solution for stable unidirectional and SLM
operation of ring lasers, even at high output powers. It is believed that this may partly
due to the exceptionally high gain levels (≈104 [30]) experienced in a bounce geometry
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Figure 4.12: Retro-reflection ring cavity with an additional extra-cavity pass of the intra-
cavity gain medium by the output beam PACW fed back into the gain medium via mirrors M4
and M5 before being allowed to leave the system as PAMP
laser.
4.4.3 Self-intersecting MOPA
The ring cavity discussed up to this point operated in TEM00 mode up to only ≈15W
of SLM output from 37W pumping. At higher powers the output beam operated in a
higher order mode, due to the higher horizontal thermally induced lens strength. This
was because although the cavity was still stable the beam width of the TEM00 mode
within the plane of the gain was smaller than the gain region, allowing lasing of higher
order horizontal modes. An improvement in the TEM00 output power was accomplished
through an additional pass of the intra-cavity gain medium by the output beam, in a self-
intersecting MOPA arrangement, as shown in figure 4.12.
Minassian et.al. [48]showed the advantages of using a so called double bounce
configuration where two separate beams are passed through a bounce geometry am-
plifier such that they undergo total internal reflection from spatially distinct regions of
the pump face. This offered a number of advantages with regard to the averaging of
spatial non-uniformity in the pumped region but most importantly reduces the effective
horizontal size of the gain medium as seen by the two separate beams. Previously this
method has only been attempted with entirely intra-cavity or extra-cavity beams. i.e.
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Figure 4.13: Output power and unidirectionality of the retro-reflection ring cavity over vary-
ing pump power with additional extra-cavity pass of the intra-cavity gain medium.
as an oscillator or as an amplifier [48]. Here although the two beams are related, as
they are the reflected and transmitted components from the same output coupler, this
system utilises an essentially external beam in order to change the gain profile seen by
the internal cavity modes.
This system can be considered a hybrid MOPA with a single common amplifier
module. It will be understood that although the further amplification pass can add power
enhancement, the self-interaction of this beam with the cavity mode can affect the laser
oscillator and this may be detrimental to the overall system.
A laser cavity will always try to self-organise itself into a manner in which the
highest round trip gain for the cavity modes is experienced [3]. In running this self-
intersecting MOPA system the ring cavity is seen to self-organise itself such that the
oscillator and amplifier passes are spatially separated within the gain medium. This was
seen by the difference in the visible light emission, due to upconversion, on the crystal
pump face and in the output beam profile with and without the external amplification
pass. This will not necessarily facilitate TEM00 operation as this is in no way hard
wired, and it is worth noting that a variety of different horizontal mode structures could
be selected at different angles of mirror M5 . It was seen that by tuning the angle of the
amplification pass, through adjustment of mirror M5, a bias could be given such that the
previously multimode cavity would self-organise itself into a mode which is TEM00 in
nature.
Figure 4.13 shows the variation of the power of the self-intersecting MOPA output
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beam PAMP and the unidirectionality of the cavity shown in figure 4.12. The retro-
reflection mirror M3 was optimally aligned for maximum unidirectionality at 41.5W of
pump power corresponding to a SLM TEM00 output power of 20.0 ±0.05W. Without
this amplification stage at the same pumping level just 18.8W of output power was seen
and the output was not TEM00. Thus this hybrid MOPA system was seen to increase the
output power by 1.2W (6.4%). This represents an improvement in the optical to optical
efficiency of the laser by 3.0%. At this output power a unidirectionality of 1850:1 was
measured.
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Figure 4.14: (a) Spectral content of the 20W TEM00 retro-reflection ring cavity with the
additional amplifier pass output beam. (b) Showing the temporal variation of the Fabry-Perot
spectrum of the 20W TEM00 output beam over 30 minutes.
Figure 4.14(a) shows the spectral content of the output beam at 20.0±0.05W power,
as analysed with a Fabry-Perot etalon with a free spectral range of 3.4GHz and a finesse
of 50. Examination of this trace showed the output to be SLM with a bandwidth <
60MHz, which was the resolving power of the etalon.
Figure 4.14(b) shows the variation of the Fabry-Perot spectrum of the 20.0±0.05W
over 30 minutes observed after thermal equilibrium of the gain medium is reached. The
SLM operation was stable over this time period with no mode hopping observed. The
standard deviation of the laser frequency over this thirty minute sample window was
measured to be 140MHz. This variation is likely to be primarily due to atmospheric
changes to the optical path length of the cavity as the system was not isolated from
environmental perturbations. It is worth noting that the narrow bandwidth and stable
SLM operation was maintained despite the additional spatial hole burning which may
be occurring due to the additional amplification pass of the gain medium.
Figures 4.15(a) and 4.15(b) show the horizontal and vertical beam radii of the os-
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Figure 4.15: (a) Horizontal and vertical beam widths passing through focus of the output
from the retro-reflection ring cavity at 41.5±0.2W pumping with the extra-cavity amplification
blocked. Inset shows the beam profile at the horizontal focus (260mm). (b) Horizontal and
vertical beam widths passing through focus of the output from the retro-reflection ring cavity
at 41.5±0.2W pumping before the extra-cavity amplification. Inset shows the beam profile at
the horizontal focus (260mm).
cillator output (P′ACW ) at 20W as a function of position through a focus imposed by a
30cm spherical lens, without and with the extra-cavity pass of the amplifier respectively.
In both cases shown no cavity optic is adjusted between the two measurements, only an
additional mirror added between M5 and M1 in order to block external transmission into
the amplifier. This allows direct comparison of the spatial quality change due the im-
pact of the extra pass of the self-intersecting MOPA. The vertical quality is unchanged
within experimental error from M2 = 1.29±0.03 to M2 1.26±0.03 with the additional
amplifier pass. The horizontal quality however is seen to improve dramatically from an
M2=1.91±0.03 to M2=1.31±0.02. Figure 4.16 shows spatial profiles at various posi-
tions through the focus, directly showing the improvement in the beam quality, by the
reduced spot size at the focus.
The additional amplification pass of the self-intersecting MOPA is seen to improve
the spatial quality in the plane of the overlap, to produce a TEM00 output with near
diffraction limited beam quality. The additional extra-cavity amplifier pass instigated
in the self-intersecting MOPA system extracts from the gain medium, saturating the
population inversion within the specific parts which it passes through. One specific
regime is where the external amplification leads to strong depletion of the gain in one
spatial region of the amplifier. This gives the possibility to reduce the effective size of
the gain medium as seen by the cavity modes. This forms a mechanism to allow better
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Figure 4.16: 1)Traces showing shows the beam quality of the oscillator (a) pre focus (20cm),
(b) at vertical focus (240cm), (c) at horizontal focus (260cm) and (d) post focus (520cm) for
the beam passing through mirror M5 without (1) and with (2) the additional amplifier pass.
matching of the TEM00 cavity mode and the horizontal gain width.
One of the interesting aspects of this setup is the self-organising nature of this sys-
tem with the cavity output coupled to the additional amplifier pass. A laser oscillator
will always attempt to select the mode, or combination of modes, which will allow
the highest round trip gain. In standard cavity geometries, or even the double bounce
configurations, as the gain medium is shared between one or two intra-cavity beams
self-organisation of the beams will only be such that they can jointly extract as much
power as possible. In the self-intersecting MOPA investigated here, where one of the
beams is intra-cavity and the other is extra-cavity, but formed from the intra-cavity, this
is no longer true. The cavity modes will still select a mode which allows the highest
round trip gain, but this now becomes preferentially such that, in an ideal situation, the
extra-cavity beam would miss the gain medium and thus not be able to compete for
the population inversion. In a case where this condition is not possible a balance will
be fought between the intra-cavity beams extracting as much gain, and the extra-cavity
beam extracting as little gain, as possible.
As previously discussed, experimentally the amplification pass of the gain medium
appears to self-organise itself such that the oscillator mode and the amplification mode
do not overlap within the gain region. They find extraction regions that are separated
with a partition of the amplifier into an oscillator section and an amplifier section. This
self-organised partition of the amplifier will be even further enhanced because the sys-
tem is running SLM, and any spatial hole burning which exists between overlap of the
two beams will reduce the amount of gain which is available to the cavity modes. This
acts to preferentially bias the gain to any cavity mode in which the intra-cavity and
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extra-cavity beams do not overlap within the gain medium, and thus avoid spatial hole
burning.
It is believed, although only anecdotally at this stage, that this self-organised MOPA
configuration proves to be able to reduce pointing instability and problems from am-
plifier pass path misalignment. This is because the small degree of freedom the laser
cavity modes have in their pointing direction self-organises to maintain the reduced
overlap between intra-cavity and extra-cavity beams within the gain medium.
This system for improving the beam quality of a ring laser may only be a feasible
possibility in laser systems with relatively high output coupling, where the extra-cavity
pass of the amplifier is of comparable power to the intra-cavity powers and thus able
to significantly saturate the population inversion. In this case with a 46% reflectivity
output coupler the self-interaction will be near maximum.
4.4.4 Retro-reflection ring laser summary
This section aimed to investigate two aspects of ring lasers constructed around a high
gain bounce geometry amplifier. The first was the feasibility of using a mirror which
retro-reflected the output of one of the cavity directions in order to suppress lasing into
that direction. With the second aspect investigating the use of an additional extra-cavity
pass of the intra-cavity gain medium by the output beam in a self-intersecting MOPA
arrangement.
It has been seen that the use of the retro-reflection mechanism is highly efficient at
suppressing the cavity direction which is retro-reflected. With retro-reflection, unidi-
rectionality of the system of up to 2500 : 1 seen. This allowed SLM TEM00 operation
of the ring laser at 15W. This mechanism was shown to be equally as effective at main-
taining unidirectional operation for higher order horizontal modes allowing 24.6W of
SLM in a horizontal transverse multimode, but low order, output beam.
The self-intersecting MOPA configuration, demonstrated experimentally in a ring
laser for the first time, to our knowledge, was seen to improve the output spatial profile
such that TEM00 cavity stability could be maintained to 20W of SLM output power.
This was accomplished as the extra-cavity gain medium pass reduced the horizontal
extent of the gain region as seen by the intra-cavity modes. This allowed efficient
matching of the TEM00 mode to the gain region. Self-organisation of this cavity mode
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operation was evidenced by a reduction in the overlap of the intra-cavity and extra-
cavity beams within the gain region.
4.5 Maintaining unidirectionality
It has been seen in both the parasitic ring laser and the retro-reflection ring laser dis-
cussed within this chapter that highly unidirectional operation is possible. This is espe-
cially true in the retro-reflection ring laser where it appears that one of the cavity modes
is entirely suppressed. This leaves the question of how does the ring laser maintain uni-
directional operation even when there is apparently no mode entering the optical section
that provides the unidirectional mechanism?
It has been observed in both cases that by blocking the parasite arm or the retro-
reflection arm that the laser will return to unstable bidirectional operation. This implies
that some small amount of light is required to enter these arms in order to maintain
the unidirectional operation. It is believed that this is provided by the strong ASE that
emanates from the bounce geometry amplifier. This ASE is believed not to manage to
form a mode in the cavity but is sufficient to provide the feedback required to maintain
unidirectional operation.
4.6 Conclusion
This chapter aimed to investigated the idea of using the inherent dynamics between
laser modes and the gain medium in a ring cavity laser in order to promote unidirec-
tional SLM operation. A previous system pioneered by B. A. Thompson suggested two
possible methods [51]. The first operates by interacting a parasitic beam formed from
one of the outputs from cavity with the gain medium in an extra-cavity pass. This re-
duces the available gain for the cavity modes and forces unidirectional operation. The
second operates by feeding additional power by asymmetric feedback into one of cav-
ity directions. Two practical implementations of these ideas have been implemented.
This showed that both of these mechanisms are feasible for inducing unidirectional-
ity, and subsequent SLM operation, onto a Nd:YVO4 solid-state bounce-geometry ring
oscillator.
The use of a parasitic beam extra-cavity pass of the gain medium has been shown to
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break the symmetry of the ring laser cavity causing the self-organisation of the cavity
modes to operate unidirectionally with a contrast of up to 350:1. This has allowed
TEM00 SLM operation of a bounce geometry ring laser cavity of up to 6.3W. Although
the exact mechanism which causes this behaviour has not been clearly ascertained, it is
clear that the important factor is in which direction the parasite beam is passed through
the gain medium with reference to the propagation direction of the cavity modes, not
which cavity direction mode is used to form the parasite. It was seen that it was always
the cavity mode which counter-propagated to the parasite beam within the gain medium
which was suppressed. This is the first demonstration, to the best of our knowledge, of
inducing unidirectionality in a ring laser through the use of parasitic pass of the gain
medium. This has demonstrated that by tailoring the interaction of different modes
within a gain medium it is possible to force the cavity dynamics to self-organise onto
desirable operational behaviour.
The retro-reflection ring cavity demonstrated shows the highest unidirectionality
(2500:1) imposed with an external retro-reflection mirror. This is substantially higher
than unidirectionalities previously reported and shows that this mechanism is a viable
method for inducing unidirectionality and SLM operation in a ring laser. The 20-W out-
put power from this cavity is also the highest SLM power demonstrated from a bounce
geometry oscillator, to the best of our knowledge.
In both the parasitic ring laser and the retro-reflection ring laser the inherent self-
organising nature of the laser cavity was clear. In both cases it was seen that the intra-
cavity modes would try to spatially arrange themselves to reduce the overlap with any
extra-cavity pass of the gain medium. This limited the operational output power of the
parasitic ring laser as the cavity modes had to be constrained spatially by an aperture
in order to force the overlap between the intra-cavity modes and the parasite beam so
unidirectional operation occurred. This desire of the cavity modes to self-organise to
reduce the overlap between intra-cavity and extra-cavity beams was utilised in a self-
intersecting MOPA. The cavity modes self-organised to partition the gain region into
a oscillator section and an amplifier section. This allowed the TEM00 cavity mode to
better match the spatial extent of the oscillator section promoting a higher beam quality
output.
In conclusion it has been shown that desirable behaviour can be imposed onto a
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laser system by tailoring the interaction of intra-cavity modes and extra-cavity beam
passes of the gain medium. These interactions can force the oscillator to change both
the dominant spatial and spectral modes as it self-organises to minimise the overlap
between the intra-cavity modes and the extra-cavity pass of the gain region. These
demonstrations validate that self-organising strategies can provide useful, and more
flexible, alternatives to hard-wired strategies.
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Chapter 5
Adaptive Gain Interferometry
Optical metrology is an important tool for real-time non-contact measurement of ve-
locity, distance and vibrational information of remote objects. Measurement of remote
vibrations can be performed by classical interferometric methods with high spatial and
temporal resolution [34, chap. 8]. These classical methods can be severely limited due
to spatial degradation of the optical probing beam under ‘real world’ conditions. This
can arise from roughness of the object surface as well as pointing instabilities and path
distortions e.g. due to atmospheric turbulence or optical component aberration. Speckle
distortion is common from almost all real-world surfaces and leads to a significant re-
duction in the beam coherence which together with misalignment reduces the quality
and strength of the signal from the interferometer.
A powerful technique for metrology is holographic interferometry which has been
used in industrial and medical applications [128]. In holographic interferometry an
interference pattern between an object and a reference beam is recorded into some
property, usually phase retardation or amplitude transmission, of a medium to form
a hologram. This couples the two beams passing through the medium such that the two
fields exiting the medium contain contributions from the transmission of one beam and
the diffraction from the other. Once this interference pattern is recorded changes in the
phase of the object beam will cause the transmitted and diffracted components to no
longer be in phase with each other. This yields a variation in the output intensity as a
function of the phase change, which can be used to measure motion of a remote surface.
Unfortunately, the conventional holographic process requires development of a reco-
rding material to form a permanent hologram which limits real-time implementation.
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An interesting alternative is to use a non-linear optical material and perform real-time
holography where the interference of two beams modulates the optical material prop-
erties. This allows the two intersecting beams to both write and read the hologram
simultaneously. The time scales of the holographic recording, replay and rewriting are
determined by the temporal characteristics of the non-linear media. Due to the holo-
graphic nature this technique can also work with beams which are phase distorted and
would not be suitable for use in standard interferometric techniques. This use of a non-
linear media has led to the development of adaptive holographic interferometry (AHI)
where the hologram is written into a photo-refractive media [129–131].
Previously a new technique using this principle, adaptive gain interferometry (AGI),
has been demonstrated by our group [122]. This technique utilises the non-linear re-
sponse of a saturable gain medium to provide a holographic coupling between a refer-
ence and spatial distorted object beam. Population inversion gratings are attractive as
the time scales involved are generally faster than in photorefractive systems allowing
compensation of higher frequency aberrations. This allows the real-time measurement
of high frequency ( > 4 kHz) remote surface vibrations even in the presence of highly
speckle distorted beams. This makes the AGI an attractive system for measurement of
remote ultrasonic vibrations for probing the internal structure of industrial or medical
targets [122].
Saturable Gain Grating
Laser Amplifier PD1
PD2Reference beam(E  )1
Object beam
(E  )2
z
x
Figure 5.1: Conceptual schematic of the adaptive gain interferometer
Figure 5.1 shows the intersection of two coherent beams inside a laser amplifier
medium. This leads to modulation of the population inversion if the beams have wave-
lengths within the gain bandwidth of the amplifier. This phenomenon is known as
spatial hole burning and results from gain saturation due to the intensity dependent re-
sponse of the medium to the optical interference pattern. Whilst spatial hole burning
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is commonly associated with standing-wave effects in laser resonators due to counter-
propagating cavity radiation it can also occur in a stand-alone laser amplifier due to two
angular intersecting beams. In analogy to holography, the two beams can be considered
as a reference beam and an object beam (or signal beam) and the induced gain mod-
ulation in the volume of the laser amplifier is a volume hologram of the interference
pattern.
In figure 5.1 a plane reference beam (E1) and a phase distorted object beam (E2)
intersect within a laser amplifier to form a saturable gain grating. The beams leaving
the gain medium contain a component due to the amplification of one beam (solid phase
front) and a diffracted component from the other beam (dashed phase front). Movement
of the remote object surface changes the phase relationship between the component
diffracted into the reference beam and the amplified reference beam. This change in
phase relationship results in a modulation of the output intensity of the amplified refer-
ence beam as detected by the photodiode (PD1). This intensity modulation can be used
to determine the movement of the object under investigation.
This sensor development is of great interest within this thesis as the self-written
holographic aspect of this system allows it to be fully self-organising in its operation
with the ability to deal with highly distorted object beams. This could offer a signifi-
cant improvement and reduction in complexity of systems used for measuring remote
ultrasound vibrations.
This chapter performs a theoretical and experimental investigation of the general
time-dynamics of the volume gain hologram and two-beam coupling effects in a sat-
urable laser amplifier. The focus of the work is to perform controlled experiments of
the gain grating dynamics by using a simple two intersecting beam coupling experiment
in a continuous-wave diode-pumped solid-state laser amplifier. By control of the am-
plitude and phase of the incident beams the grating response and the dynamic effects on
the coupled wave self-interaction are characterised. The experimental work is compared
to a time-dependent theoretical analysis of the investigated experimental systems.
The motivation for this work is manifold. First, the time-dependent gain holography
dynamics and response can provide characterisation of the use of laser amplifiers as an
adaptive interferometry mechanism for extracting temporal (phase) information from
spatially degraded (speckle) beams. This is of interest as it has significant potential for
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remote sensing applications, specifically for ultrasound detection. Secondly, the time-
dependence of the inversion grating provides a means to probe the physical mechanisms
associated with the laser transition and volume grating itself. There has been conjecture
in the literature concerning the presence and relative contribution of the refractive index
component accompanying the inversion grating [132, 133]. Measurements of the phase
dynamics of the simple two beam coupling present within the AGI can provide infor-
mation on the nature and relative contribution of the refractive index and gain grating
components present within the inversion grating.
5.1 Theory of optically induced gain gratings
The key dynamics of gain gratings induced by amplification of optical radiation in a
four-level saturable gain medium is governed by the rate equation for the inversion den-
sity. It is convenient to write this in terms of the local gain coefficient α (~r, t) [122][134,
chap. 11, p 371].
∂α (~r, t)
∂t
=
α0
τ
−
(
1 +
I (~r, t)
Is
)
α (~r, t)
τ
(5.1)
where α0 = σRτ is the small-signal (I = 0) gain coefficient under steady-state condi-
tions, IS = hν/στ is the saturation intensity of the gain medium. Where I (~r, t) is the
spatially dependent and time-dependent optical intensity distribution at a frequency ν
such that photon energy hν is resonant with the laser transition, σ is the stimulated emis-
sion cross section and τ is the upper-state lifetime of the laser transition. For the pur-
poses of the experimental part of this chapter where a continuous-wave diode-pumped
solid-state laser amplifier is used the pumping rate, R, due to ground-state absorption of
diode laser photons, is set to be constant in space and time assuming that there is neg-
ligible saturation of the ground state population. For the gain medium Nd:YVO4 with
typical neodymium doping of 1.1atm % the upper-state lifetime τ is approximately 90
µs and saturation intensity Is of approximately 1kW/cm2 [66]. Equation 5.1 forms
the key equation for evaluating the gain medium response to optical illumination. For
simplicity it is assumed that the interaction is at the centre of resonance of the lasing
transition and the gain coefficient is taken to be real.
Understanding the operation of the AGI requires the consideration of the interaction
of two coherent beams within a gain media. Two angularly separated beams, as depicted
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Figure 5.2: Transmission grating formed in the population inversion due to the interaction
of the writing beam E1 and E2. The two beams emanating from the exit of the gain medium
(E1(L) and E2(L)) are formed of an amplified component and a diffracted component from
the other beam.
in figure 5.2, will form an interference pattern, I (~r, t), within the gain media. The
optical fields can be written in the form Ei (t) = 1/2Ai (t) eiki.re−iωt + c.c. where ki
is the wave vector of each beam, ω is the angular frequency taken to be degenerate for
the two fields and Ai = |Ai| eiφi is the complex amplitude of the optical fields. For
the interaction geometry shown in figure 5.2 with the z-axis the bisector of the two
field directions the interference pattern has fringes along the x-axis. The resultant time
averaged intensity pattern over one optical cycle is therefore constant along the z-axis
but cosinusoidally modulated in the x-axis.
Figure 5.3(upper) shows this interference pattern along the x-axis for the situation
where two coherent beams, of the same amplitude, are interfering. Figure 5.3(lower)
shows the resultant steady state grating which is written into the population inversion
for three different writing beam intensities. It is important to note that the interference
pattern is out of phase with the gain grating as the areas of high writing beam intensity
lead to areas of low population inversion. This leads to the diffracted beams being out
of phase with the writing beams. It is also clear that with high intensity writing beams
the gain grating modulation is non-sinusoidal, instead containing higher order harmonic
components.
In the steady state regime by expanding the periodic spatially modulated gain coef-
ficient as a Fourier series and using Maxwell’s wave equations, it has previously been
shown that coupled wave equations for the interaction of two optical fields in the gain
medium are [122, 135]
∂A1
∂z
= γA1 + κA2 (5.2)
∂A2
∂z
= γA2 + κA1 (5.3)
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Figure 5.3: Plots of (upper) the intensity distribution pattern between two interfering beams
of equal amplitude and (lower) the corresponding modulation in the population inversion as a
function of the beam intensity (I) in comparison to the saturation intensity (Is)
where γ = α(0)/2 and κ = |κ| eiφ = (α(1)/4) eiφ. Where α(0) and α(1) are the ze-
roth and first order coefficients of the Fourier expansion of spatially modulated gain
coefficient. In the weak saturation regime (I/Is  1) they can be approximated as
α(0) (z) = α0 and α(1) (z) = − (2α0) × {[I1 (0) I2 (0)]1/2 /Is}exp (α0z) [122]. The
first term in both equation 5.2 and 5.3 represents the amplification of each beam in the
average (saturated) gain and the second term derives from the diffraction of one beam
from the first harmonic gain modulation into the direction of the other beam. The gain
medium zero and first order gain terms are themselves functions of the optical fields.
Hence a coupled self-interaction in which beams writing the grating hologram are si-
multaneous modified by Bragg-matched diffraction from the same hologram exists.
Full solution of the two-beam coupling for arbitrary saturation can be performed by
numerical integration of the coupled equations 5.2 and 5.3. However, it is interesting
to consider the case of weak saturation. This approximation has been shown to allow
an analytical solution for the amplified reference beam (A1 (L)) after a length L of gain
medium of[122]
A1 (L) = A1 (0) .ta + A2 (0) .r (5.4)
where
ta = e
−α0L/2 (5.5)
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is an amplitude transmission coefficient and
r = −1
2
A1 (0)A
∗
2 (0)
IS
(
eα0L − 1) eα0L/2 (5.6)
is an amplitude reflection (diffraction) coefficient. It is seen that the output field is
the superposition of a transmitted field component and a diffracted component of the
other field. This is analogous to the interaction of two beams at a beam splitter with
amplitude transmission ta and reflection r. Except in this case the transmission and
reflectivity can be greater than unity due to the amplification of the gain medium. In a
normal beam splitter conservation of energy also requires that high reflectivity is linked
to low transmission. This is not necessarily a limitation for the case of a gain grating
interaction.
It is noted that the on-resonance amplitude reflectivity has a negative sign and the
diffracted term (r.A2 (0)) is thereby destructive with the transmission term (ta.A1 (0)).
The destructive interference arises from the gain grating being in anti-phase to the in-
tensity interference pattern, as shown in figure 5.3. The creation of a gain grating leads
to reduced output in the steady-state and is a general feature of gain saturation where
the spatial hole burning leads to regions of underused gain at the nodes (minima) of the
interference pattern.
5.2 Theoretical response to cosinusoidal phase modulation
It has been shown both theoretically and experimentally that two wave mixing within a
saturable gain media can be used to couple a plane reference and phase distorted object
beam. This has been shown to allow measurement of remote surface vibrations which
change the phase relationship between the interference pattern and the gain grating.
Investigation of the gain grating coupling within an AGI can be performed by con-
sidering a simple case of two intersecting plane waves, one of which has an arbitrary
time varying phase imposed upon it. It has previously been shown that in the case of
cosinuisoidal phase modulation of the object beam, A2, of amplitude δ and angular
frequency Ω, of the form [122]
A2 = |A2| e−iδcosΩt (5.7)
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where the output intensity of the reference beam (I1) is given by1
I1 (L, t) = I1 (0)Ta + I2 (0) |r0|2 |G (t)|2 + 2
√
I1 (0) I2 (0)r0G (t) cos [ψ (t)] (5.8)
where
G (t) =
[
1− δ
2
4
− (δ
2/4) cos (2Ωt− ε2)[
1 + (2ΩτR)
2]1/2 + (δ2/2) cos2 (Ωt− ε1)[1 + (ΩτR)2]
]
(5.9)
and ψ (t) is the phase difference of the diffraction term, κA2 in equation 5.2 relative to
the steady-state destructive interference (when δ = 0) and τR is the effective upper state
lifetime. 1 = tan−1ΩτR 1 = tan−12ΩτR
ψ (t) = φ (t)− δcos (Ωt) = tan−1
[
δcos (Ωt− ε1)[
1 + (ΩτR)
2]1/2
]
− δcos (Ωt) (5.10)
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Figure 5.4: (a) Showing (upper) the theoretical frequency response of an AGI from 10kHz
phase modulation onto the object beam of at 0.1pi amplitude, as shown in (lower).(b) Theoreti-
cal frequency response of the AGI driven with a cosinusoidal pi/2 amplitude phase modulation
of varying frequency on the object beam A2
Equations 5.8-5.10 shows that for low frequencies below the compensation fre-
quency (fc), f << fc = 1/ (2piτR) the phase modulated component of the intensity
1Equation 5.9 given here differs slightly from the version in the paper by Damzen et.al. [122] which
contained an error.
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interference pattern moves slowly enough that the grating phase φ (t) is able to adapt
and move in synchronism with it (ψ (t) = 0). For high frequencies (f >> fc), this
component moves too quickly and the gain medium cannot respond (φ (t) = 0) leading
to a modulation in the output power of the reference beam I1. At frequencies above the
compensation frequency the gain grating and the interference pattern can no longer re-
main in synchrony yielding a modulation on the amplified reference beam (A1). Figure
5.4(a) shows an example theoretical response on the output reference beam intensity to
a driving phase modulation on the object beam of frequency, Ω = 10kHz, and magni-
tude δ = 0.1pi. The output reference beam is modulated at twice the frequency of the
driving phase modulation. Through calculation of the modulation depth of this intensity
as a function of driving frequency it is possible to ascertain the frequency response of
the AGI. Figure 5.4(b) shows this modulation depth as a function of the driving fre-
quency for three different intensity writing beams. At low frequencies the modulation
is suppressed as the gain medium can compensate for the modulation whilst at high
frequencies a clear response is observed. This figure also shows that the characteris-
tic response frequency (fc) can be increased by increasing the intensity of the writing
beams (I) in reference to the saturation intensity Is.
5.3 Numerical operation of the AGI
The response of the AGI to phase modulations can be explained clearly by numerical
modelling of the localised gain coefficient (α) within the gain medium. A finite element
model of the interference pattern (I (x, t)) and the resultant localised gain coefficient
(α (x, t)) across the direction in which the intensity interference pattern is modulated
(x direction in figures 5.1 & 5.2) was constructed. The time dependent gain coefficient
was numerically calculated from equation 5.1 by an explicit Euler method. The inter-
ference pattern was given by the resultant intensity of two intersecting beams of equal
power (I/Is ≈ 10), where one had an additional time dependent phase modulation of
amplitude δ and frequency Ω.
Figure 5.5a shows the interference pattern within the modelled gain cross section
as a function of time, where there is no imposed phase modulation. This figure shows
some aliasing of the fast time dependent component of the interference pattern, but
an interference pattern which is static in time over time scales greater than the optical
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Figure 5.5: Figures showing the (a) the interference pattern between two waves without
phase modulation, with (b & c) showing the resultant modulation of the gain medium
cycle. This leads to a static gain grating written into the gain medium which is shown in
figures 5.5b & c. Once the amplifier has reached a steady state there is no modulation
in the gain, or energy, stored within the gain medium. This is clearly shown by the
constant amplitude of the gain grating in figure 5.5c.
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Figure 5.6: Figures showing the (a) the interference pattern between two waves without
phase modulation, with (b & c) showing the resultant modulation of the gain medium
Figure 5.6a shows the intensity interference pattern for the interaction of two beams
where one of them is modulated at 10kHz. The corresponding temporal variation in the
gain grating amplitude is shown in figures 5.6b & c. The modulated interference pattern
is now modulating the position of the gain grating, with it tracking the position of the
intensity interference pattern. In figure 5.6c it is clear that the energy stored within the
medium is temporally modulated in line with the variation in the intensity interference
pattern. At the turning points of the intensity interference pattern shown in figure 5.6a
the energy stored within the gain medium is increasing, whilst in the points where the
interference pattern is moving fastest the energy being stored in the gain medium is
being depleted. This variation of the energy stored within the medium will lead to an
intensity modulation of the beams being amplified. Essentially the gain medium causes
the phase modulation of the object beam to manifest into the intensity modulation of
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the amplified reference and object beams. The reason for the frequency doubling of the
output modulation in reference to the phase modulation also becomes clear as the phase
modulation has two stationary points per period.
This model can also be used to demonstrate how the AGI can compensate for low
frequency modulations. In this case although the interference pattern is modulated the
slow time scales relative to the upperstate lifetime of the gain medium mean that the
gain grating shifts with the intensity interference pattern, but does not vary the energy
which is stored within it.
5.4 Experimental Adaptive Gain Interferometer
Theoretically it is expected that the AGI should be able to detect high frequency mod-
ulations above the compensation frequency (fc), whilst self-adapting to low frequency
modulations. In order to study and understand the operation of an AGI for ascertaining
the high frequency movement of a non-specular reflective remote surface it is important
to first understand the operation of a more idealised AGI. Completion of this goal was
achieved by construction of a testbed AGI in which the object beam reflection from a
non-specular surface is replaced by modulation of a Gaussian beam by a phase modu-
lator. This allows strict control of the temporal phase modulation of the object beam.
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Figure 5.7: Schematic showing the testbed AGI setup. A seed laser isolated by a Faraday
isolator is split into two at a beam splitter (BS) forming the reference beam and the object
beam. The object beam is fed through a phase modulator before being intersected with the
reference beam within a bounce geometry Nd:YVO4 laser amplifier. The amplified object and
reference beam are monitored by a pair of photodiodes (PD1,2)
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The experimental system used to characterise the time dynamics of the gain grat-
ing and two-beam coupling interaction is shown schematically in figure 5.7. The out-
put from a continuous wave single longitudinal mode TEM00, 1064nm seed laser was
passed through a half-wave plate and Faraday isolator before being split into two beams
(each of 6.0 ± 0.1mW). These were directed to intersect within a Nd:YVO4 laser am-
plifier. This probe beam power was chosen as it achieves good, but not excessive gain
saturation. Rotation of the half-wave plate controlled the power transmitted by the first
polariser in the Faraday isolator and acted as a variable attenuator. The isolator itself
prevented feedback into the oscillator from the rest of the experimental system. After
passing the output through a beam splitter (BS) a phase modulator was placed into one
of the beam arms. This beam will be referred to as the object beam (E2) and the other
beam as the reference beam (E1). The electro-optic modulator (EOM) was based on a
lithium tantalate (LiTa3) crystal packaged into a housing and driven by a low voltage
amplifier. This allowed variation of the phase of a 1064nm laser beam by up to≈ 4/3pi.
Varying the voltage waveform to the phase modulator allows an arbitrary phase mod-
ulation to be imposed onto the object beam. Both the object and reference beam were
vertically focused into a slab crystal of Nd:YVO4 with 1.1% doping concentration. This
slab was side pumped at 808nm by a focused diode bar. The object and reference beams
propagated through the amplifier in a ’bounce’ geometry in which they undergo a graz-
ing incidence total internal reflection at the pump face [17, 20, 21, 43, 46, 48, 51, 53, 95].
This geometry was used as it provides both high single pass gain and good spatial qual-
ity of amplification whilst providing a large gain overlap region with comparable gains
for small angularly separated incident beams. The average power and time dynamics
of the amplified object and reference beams were measured respectively with a pair of
power meters and In:GaAs photodiodes fed from an AR/AR coated wedge (AR).
To characterise the frequency response of the AGI a driving sinusoidal phase mod-
ulation of the object beam (E2) was investigated. Figure 5.8 shows the experimental
modulation depth response of the system to a varying frequency driving sine wave phase
modulation of amplitude pi/2 on the object beam E2. As expected from the theoretical
consideration of the system a suppression of low frequency phase modulation (below
the compensation frequency (fc)) is seen with a high amplitude response at frequencies
greater than fc. Also shown for comparison are the three theoretical frequency response
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Figure 5.8: Experimental frequency response of the AGI driven with a cosinusoidal pi/2
amplitude phase modulation of varying frequency on the object beam E2
curves previously plotted in figure 5.4(b). Comparison of the theoretical frequency re-
sponse and the experimentally observed frequency response shows good agreement at
low frequencies, with both showing suppression of the modulation. At high frequencies
(above the compensation frequency, fc) the experimental response is seen to drop off
slightly. This is believed to be due to a washing out of the gain grating contrast due to
the higher frequency drive. This effect was not included in the theoretical modelling
and as such accounts for the discrepancy. At driving frequencies of around 1MHz the
modulation response is experimentally seen to rise again. This is at least in part due to
an unexpected modulation at 6MHz that was present on the measured reference beam
intensity. As driving frequencies became similar to this frequency, aliasing of the two
signals led to an increase in the magnitude and uncertainty of the measured amplified
reference beam power. The source of this 6MHz signal is unknown, but is probably due
to an oscillation in the power supply driving the phase modulator.
Figure 5.9 shows the amplified reference beamA1 intensity to the cosinusoidal driv-
ing phase modulation at 4kHz with an amplitude ≈ pi/2 on the pre amplified object
beam A2. The frequency doubling of the driving phase modulation signal on the inten-
sity of the output reference beam A1 is intrinsically expected from consideration of the
underlying coupling dynamics as described theoretically by equation 5.8 and shown in
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figure 5.4(a). Considering a high frequency sine wave phase modulation on the object
beam A1 it can be seen that this modulation in conjunction with the reference beam
A2 produces an interference pattern modulated perpendicular to the axis of symmetry
between the two beams (x-axis 5.7). This interference pattern introduces spatial hole
burning within the gain medium with a grating produced in antiphase to the intensity of
the interference pattern (i.e. high intensity implies low population inversion). At low
phase modulation frequencies, Ω, (below the compensation frequency fc) the spatial
hole pattern is able to adapt in real time with the interference pattern. At high frequen-
cies this is no longer true. In these situations the gain medium can be considered as
storing and releasing energy. Over time the total population inversion across the laser-
active medium is no longer constant. As the interference pattern oscillates the laser
active media will increase the energy storage during times where the interference pat-
tern is moving slowly and in converse will deposit energy into the writing beams during
times of fast interference pattern motion. This manifests itself as a modulation propor-
tional to the square of the driving sine wave. Thus a frequency doubling is inherently
present on the output.
Figure 5.9: Experimental output from the AGI driven with a 4KHz sine wave phase modula-
tion of amplitude pi/2
Theoretically it was anticipated that there would be no discernible difference be-
tween the output intensity of the amplified reference beam under either positive or neg-
ative phase shifts as in the pure gain grating case r in equation 5.4 is negative and real.
But the experimental traces shown in figure 5.9 show an inherent asymmetry between
positive and negative phase shifts. This shows that the phase of the medium grating
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response cannot be taken as being pi/2 shifted with respect to the intensity interference
pattern. This suggests the existence of another grating present in conjunction to the
gain grating but out of phase with it i.e. in phase with the intensity interference pattern.
The relative contribution of both gain and refractive index components to the diffraction
efficiency of two wave mixing in a gain medium has been the point of interest within
the literature [132, 133]. Analysing the response of the output power of the AGI to
specific phase modulations offers the ability to disentangle the relative responses of the
two diffraction mechanisms. With instantaneous responses yielding information on the
relative magnitude of the two diffraction efficiencies.
Analysing the relative diffraction contributions within the AGI system driven with
a cosinusoidally phase modulation proved problematic as it was found that regressional
analysis of the output traces was inaccurate at ascertaining the relative gain and refrac-
tive index contributions. For this reason a simpler set of response conditions was placed
upon the system namely the response of the system to a discontinuous phase step.
5.5 Theoretical gain response to a discontinuous phase step
In order to ascertain the relative contributions of the refractive index and gain grating
diffraction coefficients a fuller time-dependent analysis of the gain medium response is
required. This requires a solution of equation 2 for the time-dependent gain coefficient.
For a time-invariant intensity interference pattern imposed at time t=0, the solution of
equation 5.1 is
α (x, t) = α (x, 0) e−St/τ +
α0
S
[
1− e−St/τ] (5.11)
where α (x, 0) is the initial gain distribution at t = 0, and
S (x) = S0 + S1cos (Kx+ φ) = (1 + I (x) /Is) (5.12)
is the saturation parameter, where S0 = 1 + (I1 + I2) /IS is the mean saturation param-
eter and S1 = 2 (I1I2)
1/2 /IS represents the spatial modulation of the saturation param-
eter. The characteristic response time is defined as τR = τ/S, which is modified due
to combined effects of spontaneous and stimulated emission. The time-dependent gain
coefficient is a combination of an exponentially decaying initial distribution (α (x, 0))
and an exponentially growing new steady-state distribution (α0/S). The exponential
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response time is spatially dependent due to the intensity modulation but has an approx-
imately average rate τ/S0. The spatial dependence of the response time will lead to
some distortion in the gain modulation in time but this affect shall not be considered
Considering the case of an initial steady-state gain grating subjected to a discontin-
uous phase step, of amplitude δ, in the interference pattern at time t=0 and take at t < 0,
S = S0 + S1cos (Kx) and at t > 0, S = S ′ = S0 + S1cos (Kx+ δ). The solution is
α (x, t) =
α0
S
e−S
′t/τ +
α0
S ′
[
1− e−S′t/τ
]
(5.13)
In this case the initial intensity interference pattern forms an initial gain grating. The
phase discontinuity leads to a shifted interference pattern that writes a new (shifted)
gain grating at the same time as the old gain grating decays.
For simplicity the case of a weak modulation parameter S1 << S0 is taken, which
allows approximate solutions of 1/S = 1/S0 − (S1/S20) cos (Kx) and 1/S ′ = 1/S0 −
(S1/S
2
0) cos (Kx+ δ) where S0 = 1+(I1 + I2) /IS and S1 = 2 (I1I2) /IS and approxi-
mate response time τR = τ/S0 as a constant equal to its mean value over the interaction
region. The mean value of the gain coefficient in equation 5.13 is unchanged by the
phase shift α(0) = α0/S0 but the cosinusoidally modulated component evolves in time:
α (x, t) = α(0) − α0S1
[
e−t/τRcos (Kx) +
(
1− e−t/τR) cos (Kx+ δ)] (5.14)
Expanding cos (Kx+ δ) and rearranging equation 5.14 can be written as
α (x, t) = α(0) + α(1) (t) cos (Kx+ φ (t)) (5.15)
α(0) = α0/S0
α(1) (t) = − (α0S1/S20) [1− 2e−t/τR (1− e−t/τR) (1− cos (δ))]1/2 (5.16)
= − (α0S1/S20)G (t)
φ (t) = tan−1
[
(sinδ)
(
1− e−t/τR)
(cosδ) (1− e−t/τR) + e−t/τR
]
(5.17)
The gain grating amplitude decreases from its initial magnitude (
∣∣α(1) (0)∣∣ = α0S1/S20)
to reach a minimum value and then increases to return to its original magnitude as
the new steady state is established. Differentiation of equation 5.17 shows that the
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minimum value of the grating amplitude (
∣∣α(1)∣∣
min
= α0S1/S
2
0) occurs at a time t =
τRln2. The magnitude of the minimum value decreases as the magnitude of the phase
jump δ increases (
∣∣α(1)∣∣
min
= α0S1/S
2
0cos (δ/2)) and becomes zero when the phase
jump is δ = pi. The time-dependent phase φ (t) of the grating modulation at the same
time evolves from its initial value (φ = 0) to δ at long time (t >> τR) when the grating
is once again in anti-phase to the shifted intensity interference pattern. For general
phase jump δ the evolution of the grating phase φ (t) is continuous from its initial value
to its new value. For small values of δ, the grating phase can be approximated as
φ (t) ≈ δ (1− e−t/τR) . A special case is δ = pi when the old and new intensity patterns
are exactly in anti-phase and the phase φ does not continuously shift but discontinuously
jumps by pi as the grating amplitude
∣∣α(1)∣∣ goes through zero.
To predict the variation in the output field of the two-beam coupling process as the
grating evolves equation 5.4 can be used with amplitude transmission factor
ta = e
α(0)L/2 (5.18)
and amplitude reflectivity coefficient
r = − (1/4) (S1 (0) /S20) (eα(0)L − 1) eα(0)L/2G (t) eiφ(t) = r0G (t) eiφ(t) (5.19)
where r0 is the amplitude reflection coefficient prior to the phase jump. Taking the
phase jump at t = 0 to be in beam 2, A2 = |A2| e−iδ, yielding
A1 (L) = A1 (0) ta + |A2 (0)| r0G (t) ei(φ(t)−δ) (5.20)
The resultant output intensity of beam 1 after the phase jump is
I1 (L, t) = I1 (0)Ta + I2 (0) |r0|2 |G (t)|2 + 2
√
I1 (0) I2 (0)r0taG (t) cos (φ (t)− δ)
(5.21)
and the change in intensity observed ∆I1 (t) = I1 (L, t)− I1 (L, 0) is given by
∆I1 (t) = I2 (0) |r0|2
(|G (t)|2 − 1)+ 2√I1 (0) I2 (0)r0ta [G (t) cos (φ (t)− δ)− 1]
(5.22)
For very short time t << τR it can assumed that the gain grating is unchanged and take
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G (t) = 1 and φ (t) = 0 and obtain ∆I1 (t) = 2
√
I1 (0) I2 (0)r0 [cos (δ)− 1]. For weak
average saturation S0 = 1, r0 = − (1/2)
(
(I1 (0) I2 (0))
1/2
) (
eα0L−1
)
eα0L/2 and the
change in intensity due to the phase jump is given by:
∆I1 (t) =
[
I1I2
IS
(
eα0L − 1) eα0L/2] [1− cos (δ)] (5.23)
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Figure 5.10: Phasor diagram of the response of the AGI to a discontinuous phase shift.
(a) steady state transmitted (blue) and diffracted (red) components from a transmission gain
grating, the resultant phasor arrow is shown in green in (b). The response after a discontinuous
phase shift of magnitude ±δ is shown in (c), with the resultant output shown in green in (d).
The pulse seen in the output intensity is the real part of the resultant phasor arrow as shown by
the difference I (±δ) plotted between (c) and (d)
It can similarly be shown that there is an identical intensity change in beam 2.
This output intensity can be expressed readily on phasor diagrams as shown in figure
5.10. Figure 5.10a shows the steady state behaviour. The transmission term of beam I1
is shown in blue with the real and negative diffraction term from beam I2 shown in red.
Figure 5.10b shows the resultant term in green. Figure 5.10c shows the phase shift of
the diffracted term under a phase shift of amplitude±δ in beam I2. The resultant power
of beam I1 is shown in figure 5.10d. The phase shift changes the real amplitude of
the output of beam I1 by an amount ∆I (±δ). This physically represents the increased
amplification from the gain medium as the spatial hole burning pattern is no longer out
of phase with intensity pattern which wrote it allowing more efficient extraction from
the gain medium.
The result shows that a fast phase shift in the intensity interference pattern leads to
an increase in intensity in the output beams. This is due to the change in the phase of the
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diffracted term from its destructive interference since the gain grating and interference
pattern are no longer in anti-phase. An extreme case is when the phase step is pi and the
diffraction term becomes constructive. In this case the intensity pattern has shifted by
half a grating period and the maxima in the intensity pattern are moved to the maxima
of the gain grating. The gain grating is then in phase with the intensity pattern leading to
the most enhanced gain extraction from medium. After sufficient time (t >> τR) a new
gain grating will be established where the gain modulation is once again in anti-phase
to the intensity pattern.
In the cosinusoidally modulated phase amplitude experimental traces previously dis-
cussed it is suggested that a second grating out of phase with the gain grating is present.
In order to model the instantaneous power of the output beams after a discontinuous
phase jump an additional imaginary term to the coupled gain equations (5.4) is added.
This leads to a pair of coupled equations of the form:
A1 (L) = A1 (0) ta + A2 (0) e
iφr21
A2 (L) = A2 (0) ta + A1 (0) e
iφr12 (5.24)
where ta is the amplification term; r21 = r∗12 and is the diffraction term and φ is the
refractive index grating component. Looking at this system under an instantaneous
phase shift of amplitude δ on beam A2 yields the pair of equations:
A1 (L) = A1 (0) ta + A2 (0) e
iφr21e
iδ
A2 (L) = A2 (0) tae
iδ + A1 (0) e
iφr12 (5.25)
With the resultant output pulse on the reference beam I1 of amplitude:
∆I1 = 2
√
I1I2rta (cos (φ)− cos (φ+ δ)) (5.26)
This equation describes the response of the output of the reference beam I1 to an in-
stantaneous phase shift of magnitude δ where the system contains a complex diffractive
component φ. As expected from the presence of both a gain and refractive index grating
within the laser-active medium.
The response can again be shown clearly on a phasor diagram as shown in figure
5.6 Experimental response to discontinuous phase steps 160
Im
Re
Im
Re
Im
Re
Im
Re
(a) (b)
(c) (d)
+
-
Figure 5.11: Phasor diagram of the response of the AGI with additional RI component to a
discontinuous phase shift. (a) steady state transmitted (blue) and diffracted (red) components
(due to gain is solid, refractive index is dashed) from a transmission gain grating, the resultant
phasor arrow is shown in green in (b). The response after a discontinuous phase shift of
magnitude ±δ is shown in (c), with the resultant output shown in green in (d). The pulse seen
in the output intensity is the real part of the resultant phasor arrow as shown by the difference
I (±δ) plotted between (c) and (d). The additional refractive index component differentiates
the response between a positive and negative phase shift.
5.11. In Figure 5.11 shows the amplification term in blue and the diffraction term due
to the gain grating as a solid red arrow. The diffraction from the RI grating is shown
as a red dashed arrow. The resultant (green arrow) is shown in figure 5.11b. a phase
shift of amplitude ±δ is shown in figure 5.11c which has a resultant vector shown in
figure 5.11d. Due to the RI grating in conjunction to the gain grating there is now
an asymmetry between positive and negative phase shifts. This leads to generally that
∆I (+δ) 6= ∆I (+δ). From this phasor picture it can be seen that if the instantaneous
phase shift was of magnitude pi then the response would be identical irrespective of
whether it was a positive or negative.
5.6 Experimental response to discontinuous phase steps
The experimental AGI system used previously was adapted to verify the existence of
a second grating present in conjunction to the gain grating. It has been seen that the
diffraction term in equation 5.4 is likely to be not real and negative but instead have
a complex form as the diffraction is believed to be from two gratings out of phase by
pi/2. In order to investigate this an instantaneous phase discontinuity was imposed onto
the object beam A2 by driving the phase modulator in the pre amplified object beam A2
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with a square wave of varying amplitude δ. This driving square wave was modulated
at low frequency (1kHz) in comparison to the response time of the medium τR so as to
allow the medium to re-establish a new steady state between successive steps.
Figure 5.12: Driving phase modulation signal of 0.4V peak to peak (0.4V ≈ pi/2)(upper)
and the resultant amplified reference beam intensity (lower)
Figure 5.12 shows the driving square wave and the resultant response of the ampli-
fied reference beam I1. The phase discontinuity can be seen to induce an increase in the
intensity which then decays back to a new steady state as the gain grating adapts to the
new interference pattern. It can be clearly seen that there is a fundamental difference be-
tween positive and negative phase shifts with a peak height difference of approximately
1/4 of the average peak height between the positive and negative phase shift responses.
5.6.1 relative magnitude of the gain and refractive index diffraction
Figure 5.13 shows the normalised peak heights of both positive and negative phase
discontinuities of varying magnitude. As expected from equation 5.26 this shows an
equalisation in the peak response heights for a phase amplitude shift δ = ±pi. Through
curve fitting equation 5.26 with the change in the instantaneous ∆I plotted in figure 5.13
the phase angle (φ) of the resultant two grating combination is found to be 0.27± 0.01.
This shows that the refractive index grating component represents 27.7 ± 0.7% of the
total diffraction from the phase modulated beam onto the reference beam. Comparing
to previous work on both sides of the debate regarding refractive-index gain grating
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Figure 5.13: Figure showing the instantaneous pulse height of the reference beam after pos-
itive and negative phase discontinuities as a function of the phase step amplitude (δ)
strengths within bounce geometry adaptive lasers the refractive index component is not
the dominant mechanism but it is also not negligible and must be considered.
5.6.2 Examining the beam profile
The relative magnitude of the refractive index and gain grating components of the
diffraction from the gratings within a saturable laser media shown in the previous sec-
tion was the largest relative magnitude observed. It was seen that there was a lack
of consistency between measurements such that on some occasions the response from
the photodiode showed a much lower discrepancy between positive and negative phase
shifts.
In order to examine the cause of this uncertainty the response of the system across
the beam profile was examined. This was performed by placing a 50µm circular pinhole
in front of both photodiodes which are mounted on vertical and horizontal translation
stages in order to sample the response to a discontinuous phase step as a function of the
beam position.
The gain medium was pumped at 12.1W and the object beam was modulated with a
1kHz square wave with a phase amplitude 1.75 radians. This frequency was chosen as
at 1kHz the gain grating can fully reform to a steady state between each phase step.
Figure 5.14 shows the difference in peak height between the positive and negative
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Figure 5.14: Figure showing the median and difference between positive and negative phase
step response of the AGI for both the amplified reference (I1) and object beams (I2) as a
function of the position across the beam widths.
phase steps at the vertical centre of the amplified beams as a function of the horizontal
position. Also shown is the median level recorded on the photodiode in order to put the
variation in context to the width of the beam. The difference between the response to
a positive phase shift and a negative phase shift is seen to vary across the width of the
beam with a sign change seen across the horizontal profile. It also shows that where
there is an increased power into the reference beam there is an associated reduction
in the power of the object beam. In the vertical direction at the horizontal centre of
the beams no such similar variation was seen, with the ratio between the positive and
negative phase shift responses remaining constant.
This shows that some property in the horizontal direction of the beam which is
causing energy redistribution between the object and reference beams. It has been pre-
viously reported that energy redistribution by two wave mixing in a gain medium can
occur when there is a difference in power between the two writing beams [124]. It is
suggested that the reason for the variation in the output powers seen in figure 5.14 as
a function of the beam width is due to the beams being Gaussian in nature and having
an angular separation between them. The angular separation means that the strength of
the two beams as a function of position across the beam is not constant across the inter-
action region. With, for example, the centre of one beam interacting with the wings of
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the other beams as it enters the gain region. As the beams are also amplified over their
transit this leads to a complicated interaction in which one segment of the beam away
from the centre is likely to experience both positive and negative energy redistributions
on passage through the gain medium.
This hypothesis has not been tested and as a future direction of the development
of the AGI it would be prudent to investigate the energy redistribution between the two
beams as a function of the horizontal beam position for various intersecting angles. This
is also a problem which would be worth investing time to numerically model in order
to ascertain the legitimacy of this hypothesis.
5.7 Nature of the refractive index grating
Within the solid state laser systems in which this work has been conducted a number of
mechanisms offer potential for refractive index gratings, these being: temperature de-
pendence of the RI; change in polarisation dependence between upper and lower lasing
energy levels [136] and intensity dependence of the RI (although this is documented to
be of very low order in the low beam intensities regime). With reference to the AGI
system under the conditions of an instantaneous phase step present on the object beam
the response of the output can yield evidence for the mechanism behind this refractive
index component. If the refractive index component was due to a polarisation depen-
dence of the upper and lower lasing levels it would have a time scale of decay indistin-
guishable from the gain grating itself. Whilst if this component was due to a thermal
decay it would have a time scale response (τT ) characterised by a decay of a cosinu-
soidal temperature distribution calculated from the heat diffusion equation. Namely
τT ≈ κ/CρK2 where κ is the thermal conductivity, C the specific heat capacity, ρ the
density and K the period of the interference pattern.
The decay of the reference beam intensity after a phase discontinuity has been stud-
ied. With both single and double exponential curve fits applied to the decay. Within
experimental error of the decay it has been impossible to draw a positive conclusion as
to whether the power decay is closer fitted by a single or double exponential.
Although it has been seen to be too naive an assumption to look at the decay of the
two gratings to be equal to the decay of two exponential functions with varying time
constants it is still believed that this additional grating is of a different time scale to
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that of the gain grating. This is because under certain conditions the decay of the output
pulse after a discontinuous phase shift is seen to initially be positive, then to go negative
and then to return to a steady state level as was present before the instantaneous phase
shift. This is not believed to be due to any detector failure as this behaviour is only
seen in one of the two phase shift directions (i.e. only when a positive phase shift is
imparted onto the object beam). This suggests that at least one of the refractive index
gratings present within the two beam coupling is of a time scale different to that of the
gain grating and is therefore not related to effects such as polarisation dependence of
the excited and ground state levels. But the evidence suggesting this is not conclusive
and could just be the manifestation of a very small temperature dependent refractive
index grating present in conjunction with another mechanism.
Although it is believed this evidence is suggestive of additional refractive index grat-
ings in conjunction to the gain grating an additional possibility that must be considered
is the line-centre detuning of the gain medium. It is known that if the gain grating and
the probe beam are at different frequencies this leads to an imaginary component of the
gain coefficient. This could manifest itself in a very similar way to a refractive index
grating, leading to additional imaginary components of the diffracted term. It is worth
noting that this could also lead to the variation in the phase shift response seen across the
horizontal profile of the beam as the interaction is occurring in the gain region which has
a variation in temperature, as described in chapter 3. Although this mechanism could be
responsible for the effects seen it is not believed to be so as it would be expected that this
would lead to variation in the response to phase shifts in both the vertical and horizontal,
but it was only seen experimentally in the horizontal. In order to ascertain whether off
resonance detuning is determining this imaginary diffractive term, further experiments
investigating the horizontal and vertical beam profile response to discontinuous phase
shifts as a function of detuning should be undertaken.
5.8 Use as an Interferometer
The AGI system demonstrated within this chapter has shown the ability to measure high
frequency phase modulations whilst cancelling out modulations below the characteristic
frequency (≈ 4kHz). This is of great interest as a real-world ultrasound detector as it
can measure the important high frequency modulations whilst being able to adapt to low
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frequency perturbations, as well as being able to operate with speckle distorted object
beams [122]. To take this system forward it is important to prudent to discuss how to
implement a practical system which can measure vibrations of a rough surface.
5.8.1 Sensitivity
Although an explicit experiments into reducing the signal to noise ratio to investigate
the minimum resolvable phase modulation have not been undertaken, estimates of the
resolvable modulation can be made. In figure 5.13 the intensity response of the refer-
ence beam as a function of various phase modulations amplitudes. The minimum phase
step of 0.22 radians produced a photodiode response of 1.48±0.01mV (This is for the
positive phase shift, and included a digital 3bit noise filter imposed on the oscilloscope).
Assuming a small angle response and the resolution limit to be when the signal to noise
ratio drops to unity an estimate for the minimum resolvable phase shift can be made.
This suggests that a minimum phase shift of ≈0.002 radians could be detected. This
suggests a minimum resolution of ≈1.8nm when using a 1064nm seed, which could be
halved if the system worked in reflection from a remote surface. This resolution limit
could potentially be improved further through optimisation of the detection system, but
is already in the range suitable for use as a ultrasound detector [34, Chap. 8]. It is likely
that a real-world implementation with real surface motion would reduce the signal to
noise ratio, reducing the minimum resolvable motion, but this is an area which needs
further work.
5.8.2 Directional determination
The existence of the refractive index grating within the medium in conjunction to the
gain grating yields symmetry breaking in the response of the system to positive and
negative phase shifts of equal magnitude. In opposition to standard interferometric
techniques where there is an ambiguity between positive and negative phase shifts in
the AGI the magnitude and sign of the phase shift could be inferred by monitoring two
separated points on the amplified reference beam.
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5.8.3 Real-world implementations
It would be possible to implement a real-world system very similar to the one used
throughout this chapter, but with one of the mirrors that steers the reference beam re-
placed by a target surface. It is probably more practical to consider the use of a simpler
system.
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Figure 5.15: Schematic of an adaptive gain interferometer for measurement of high fre-
quency vibrations of a remote surface.
Figure 5.15 shows a schematic of the AGI which is designed for use with a real
surface. The main difference from the test system is that the object and reference beam
are now set to counter propagate. This will write a gain grating which is perpendicular
to the transmission direction. The test system previously investigated in this chapter
utilised beam coupling via a transmission grating, whilst this system, due to the counter-
propagating writing beams, utilises a reflection grating. Reflection gratings generally
lead to a lower diffraction efficiency than transmission gratings as the contrast of the
grating is reduced due to the imbalance of the writing beam intensities across the gain
medium.
A 1064nm seed laser, which forms the reference beam, is passed through a Faraday
isolator and a waveplate in order to allow control of the reference beam power and stop
any light from the amplifier entering the seed laser. This is then passed into a 1.1 at. %
Nd:YVO4 bounce geometry amplifier side pumped by a diode bar, vertically focused
by lens VCLD, capable of providing up to 40W of 808nm radiation. The gain region is
vertically matched to the reference beam by a pair of 50mm vertical cyclindircal lenses
(VCL1,2). Once the reference beam has been amplified it is then imaged onto a target
surface. The non-specular reflection from this target surface is then re-imaged back
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into the gain medium, forming the object beam. The interference of the reference and
the object beam will form a grating hologram which will encode the information of
the phase modulation of the object beam onto the amplified reference beam. This is
detected as an intensity modulation of the amplified reference beam by a photodiode
(PD) fed from a low reflection beam splitter (AR).
A first demonstration of this system has been implemented with the remote surface
provided by a speaker cone. This has shown the ability of the system to detect vibrations
above ≈10kHz of phase distorting remote surfaces. Much higher frequency responses
are believed to be possible, but could not be tested due to the relatively low natural
frequency of the speaker. Unfortunately a low frequency (0-5kHz) classical interfero-
metric response was also observed. This was believed to be due to a Fabry-Perot (FP)
etalon forming between the cavity optics and speaker cone, and could potentially be
overcome by reducing the gain within the amplifier, or the reflections from the optics.
Further investigation of this system is required to demonstrate whether it is a feasible
method to detect remote high frequency (MHz) ultrasound signals. This should focus
on testing with higher frequency modulation of the remote surface, which has not been
possible due to equipment limitations. It will also be important to investigate the signal
to noise levels as in this system as the object and reference beams counter-propagate
the contrast of the gain grating is expected to be lower. This will likely reduce the
signal to noise levels. Investigation into the effect on the intensity modulation the ratio
between the reference and returning object beam would also be prudent. Interestingly
it is believed that utilising counter propagating object and reference beams within a
bounce geometry amplifier may yield a large freedom in the acceptable beam power
ratios. This is because the high gain will tend to balance the powers of the interfering
beams at some point within the medium, allowing a high contrast grating to be written.
5.9 Conclusion
This chapter aimed to investigate whether a self-adaptive sensor based on two wave
mixing within a saturable gain medium could be used to measure high frequency phase
modulations whilst adapting to cancel out low frequency modulations. It has been
shown both experimentally and theoretically that the AGI is a viable method for measur-
ing phase modulations. Experimental evidence has shown suppression of phase modu-
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lations below ≈10kHz, whilst maintaining a response to higher frequencies. It is sug-
gested that this would be an excellent potential sensor for measurement of ultrasound
signals from a rough remote surface as it can detect the high frequency vibrations whilst
suppressing low frequency perturbations.
The AGI has also been used for probing the coupling mechanisms of two beams
within a gain medium. It has been demonstrated that the coupling between two coherent
beams within a gain medium has a dependence on both the population grating as well as,
what is believed to be a refractive index grating. In the case of the bounce geometry used
it has been seen that the diffraction from the gain grating and refractive index grating
account for 80% and 20% of the total diffraction efficiency respectively. Through the
symmetry breaking inherent in the output signal due to two out of phase diffraction
gratings it has been shown to be possible, using an AGI, to ascertain not only magnitude
of phase shifts, but also the absolute direction; A task not easily attainable with classical
interferometry.
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Chapter 6
Adaptive Lasers
In solid-state lasers continuing to scale the output powers is generally limited by ther-
mally induced lensing and aberrations within the gain medium, as discussed in chapters
2 and 3.
One way of compensating for the thermally induced lenses and cavity aberrations
is by using phase conjugation. As discussed in section 1.5.3 a Gaussian beam which
passes through an aberrating medium and then into a phase conjugate mirror will gen-
erate a reflected beam, which will be phased such that on passing back through the
aberrating medium it will reform into the high quality Gaussian beam. Phase conjuga-
tion was first demonstrated by Zel’dovich by stimulated Brillouin scattering (SBS) in a
methane gas cell [31]. Phase conjugation was realised to be analogous to holography
[137] which was well known to be able to compensate for static aberrations within a
gain medium [138]. This allowed the construction of phase conjugate mirrors into laser
cavities allowing compensation of cavity aberrations in order to produce high power
high quality laser outputs [32, 134].
Phase conjugation via four wave mixing (FWM) within a saturable gain media has
garnered significant research interest [38–40, 42, 44, 60, 113, 132, 139–143]. It is
especially interesting as the time-scales of interaction are relatively short (≈ µs), the
inherent gain present can lead to very high phase conjugate reflectivity and there is no
absorption required for the grating writing which allows scaling to high powers. Within
the context of this thesis phase conjugation via FWM within a saturable gain medium is
of great interest as it is an entirely self-organising process which allows compensation
of aberrations and the thermally induced lens within a laser cavity.
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Figure 6.1: Schematic of four wave mixing in a saturable gain media. Beams A1 and A3
write a transmission grating from which beam A2 can diffract from into beam A3 which is the
phase conjugate of beam A3.
This chapter aims to introduce FWM in saturable gain media, both theoretically and
experimentally, and how this technique can be used to generate phase conjugate laser
outputs. This technique will used to demonstrate both seeded and self-starting self-
pumped phase conjugate systems based on FWM within saturable gain media. This
chapter will be concluded with a short experimental investigation into the stability of a
self-starting self-adaptive laser oscillator to simulated perturbations of the cavity length.
6.1 Four wave mixing in saturable gain media
In chapter 5 it was seen that the interference of two coherent beams within a saturable
gain medium leads to the generation of a gain grating which can couple the beams
together. The amplified outputs from the gain medium contain an amplified component
and a component which is diffracted from the other beam. Introduction of a third beam
which is phase matched to this grating can lead to the generation of a phase conjugate
beam via four-wave mixing [34, 40, 140, 141, 144, 145].
Figure 6.1 shows the transmission grating formed by the angular intersection of
beams A1 and A3 within the saturable gain medium. They are separated by an angle
θ such that their propagation directions z′ and z′′ are equally angled from direction z.
This leads to a grating being formed into the population inversion modulated along the
x axis. Beam A2 is set to counter propagate to beam A1 and as such will be correctly
phased to diffract from the gain grating into beam A4. If A2 is the phase conjugate of
beam A1, this generated beam will be the phase conjugate of beam A3. In practice it is
common to use large area, relative to beam A3, high quality lasers as beam A1 and A2
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as they are then effectively plane waves which are the phase conjugate of one another.
In order to understand the theoretical basis for this phase conjugation extensive work
modelling the interaction of the optical fields within the gain medium has previously
been performed [34, 40, 140, 141, 145]. A very brief overview of this theoretical un-
derstanding will now be presented in order to better understand the operation of the
self-starting adaptive lasers that form the basis of this chapter and chapter 8.
The gain coefficient within a saturable gain medium can be expressed by equation
5.1 which is more convenient to express as
∂α (r, t)
∂t
= R (t)−
(
1− IT (~r, t)
Is
)
α (~r, t) , (6.1)
The total intensity of the four waves is given by IT = |ET |2 whereET is the total optical
field, which is given by
ET =
4∑
i=1
Aie
−kj.r. (6.2)
This will lead to four induced gain gratings between the different beam pairs. For
simplicity only the single transmission grating formed between beams A1 and A3 will
be considered ∗. This can be expressed mathematically by considering beams A1 and
A3 to be copolarised and orthogonal to the polarisation of beams A2 and A4.
This has been shown to yield a normalised intensity pattern of
It (~r, t)
Is
= σi = |τi| cos (Kτx− φτ ) , (6.3)
= σi +
1
2
(
τie
iKτx + τ ∗i e
iKτx
)
, (6.4)
where
σi =
1
A2s
4∑
j=1
Aj (~r, t) .A
∗
j (~r, t) , (6.5)
τi = |τi| e+iφτ = 2
A2s
[A1.A
∗
3 + A
∗
2.A4] . (6.6)
where Kτx = ~k. (~r1 − ~r3) is the fast spatially-varying phase of the interference pattern
∗The additional reflection grating formed between beams A2 and A3 is also of importance and details
can be found in the following references [34, 40, 140, 141]
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σi and τi are the normalised amplitudes of the static and varying components of the
intensity [34, chap. 7].
In the steady state regime (d/dt = 0) the gain (α) has been shown to be expressible
as
α =
τλR
1 + IT/Is
=
α0
1 + IT/Is
, (6.7)
where α0 is the unsaturated small signal gain coefficient and Is is the saturation
intensity of the gain medium where Is = hν/στλ †. hν is the photon energy, σ is the
stimulated emission cross section and τλ is the upper state lifetime.
Combining the interference pattern formed from the gain writing beams and the
equation for the steady state gain and expansion as a Fourier series has been shown to
yield an equation for the spatial dependence of the gain as
α (x, z) =
∞∑
n=0
α(n)τ (z) cos [n (κτx− φτ )] , (6.8)
=
1
2
∞∑
n=0
α(n)τ (z) e
−in(κτx−φτ ) + c.c. (6.9)
with coefficients
α(0) = +
Γ0√
1−Mτ
, (6.10)
α(n) = (−1)n 2Γ0√
1−Mτ
(
1−√1−Mτ
Mτ
)n
, (6.11)
where
Γ0 (z) =
α0
1 + σi (z)
, (6.12)
Mτ (z) =
|τi (z)|
1 + σi (z)
. (6.13)
It has been shown that this gain grating can be used to couple together the four waves
within the medium leading to a set of coupled equations which describe the steady-state
†Note that σ is the stimulated emission cross section and σi is the spatially dependent constant com-
ponent of the gain grating. The use of similar symbols for these two parameters is maintained to be
consistent with the literature [34, Chap. 7]
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FWM interaction [34, 40]
+
dA1
dz
= γA1 + κτA3, (6.14)
−dA2
dz
= γA2 + κ
∗
τA4, (6.15)
+
dA3
dz
= γA3 + κ
∗
τA4, (6.16)
−dA4
dz
= γA4 + κτA2, (6.17)
where the coupling coefficients are given by
γ (z) = α(0)τ (z) = +
Γ0√
1−Mτ
, (6.18)
κτ (z) =
1
2
α(1) (z) e+iφτ = +
Γ0
Mτ
(
1√
1−Mτ
− 1
)
eiφτ . (6.19)
In equations 6.14-6.17 on the right hand side of each equation physically the first term
represents the amplification of the beam due to the gain medium and the second term
defines the diffraction into it from another beam. It is worth noting that from equation
6.11 that α(1)g , the term which leads to the diffraction from one beam into another in
equations 6.14-6.17 is negative. This is due to the gain grating being out of phase with
the intensity interference pattern, and leads to the diffracted beams being in antiphase
(pi phase shifted) to the writing beams. The high gain possible in an amplifying medium
means that diffraction efficiencies of beam A2 from the transmission grating written by
beams A1 and A3 can be much greater than 100%. This diffraction efficiency has been
shown to be maximised by equalisation of the intensity of the two writing beams and
by correctly choosing their intensity to write a sufficient, but not over saturated gain
grating, as dictated by the saturation intensity (Is) of the gain medium.
6.1.1 Self-pumped phase conjugation
A brief discussion of the theoretical interaction of four waves within a saturable gain
medium has been presented. By correctly designing an optical system it is possible to
generate the phase conjugate of an incident beam via this FWM interaction.
Figure 6.2 shows a schematic of a self-pumped phase conjugation system. An inci-
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Figure 6.2: Schematic showing the concept of self-pumped phase conjugation. Input beam
A1 is passed through a self-intersecting loop geometry to form a grating such that beam A2
can diffract from it completing the loop and generating a phase conjugate output. The grating
writing beam intensities are matched by inclusion of a non-reciprocal transmission element
which contains two polarisers (POL), a faraday rotator (FR) and a half waveplate (λ/2)
dent beam A1 is passed into a gain medium whereupon it is amplified. This amplified
beam is then passed around the loop before re-entering the gain medium as beam A3.
This self-intersecting beam writes a transmission gain grating into the population inver-
sion of the gain medium, which allows diffraction of correctly phased beams. This gain
grating is phased such that a beam A2 can can diffract from it generating a beam A4.
This diffracted order forms a ring cavity which can oscillate subject to the diffraction
efficiency from the gain grating and the amplification being high enough to overcome
the cavity losses. This loop oscillation has been shown to only form a self-consistent
mode if the beams A2 and A4 are the phase conjugates of beams A1 and A3 respectively
[146]. This means that any distortions due to the cavity optics and the passage of the
gain medium will be encoded into this diffraction grating causing the output beam to be
the phase conjugate of the incident beam A1.
It is known that to maximise the diffraction efficiency from the gain grating it is
important to have a high contrast gain grating. For this condition it is important that
beams A1 and A3 are of equal powers. As A3 is formed from the amplified beam A1
it is important to reduce its power before the self-intersection within the gain medium.
It is also important that the beam travelling in the opposite direction is not reduced in
power too much as this is the oscillating field of the ring cavity. This can be performed
by using a non-reciprocal transmission element (NRTE) in which the transmission in
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Figure 6.3: Figure showing the function of the NRTE. It is constructed from a polariser, a
λ/2 waveplate a 45◦ faraday rotator and a final polariser. In the forward direction the verti-
cally polarised beam is fully transmitted as Pt, whilst in the reverse direction it is ejected Pe.
Rotation of the λ/2 waveplate allows variation of the transmission in both directions.
the two directions can be optimised.
Figure 6.3 shows a schematic of the NRTE and the polarisation of the beams on
their passage through. In the t+ direction in figure 6.3 a vertically polarised beam first
passes through a vertically transmissive polariser, then through a Faraday rotator which
rotates the polarisation to−45◦. It then passes through the λ/2 which rotates the light to
horizontal polarisation such that it is ejected from the cavity by the second polariser. In
the opposite direction (t−) the vertically polarised beam passes straight through the first
polariser encountered before being rotated to 45◦ polarisation by the half waveplate.
The Faraday rotator then rotates the beam back to vertical polarisation such that it is
transmitted through the second polariser (POL).
Rotation of the λ/2 waveplate allows a variation in the transmission factors t+ and
t− such that highly attenuated transmission can occur in one direction, whilst having
nearly maximum transmission in the other. Performing analysis of this transmission by
Jones matrix algebra defines the intensity transmission (T± = t2±) factors of the NRTE
for vertically polarised light are given by
T+ = 1/2 [cos (2θ)− sin (2θ)]2 , (6.20)
T− = 1/2 [sin (2θ) + cos (2θ)]2 , (6.21)
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Figure 6.4: Schematic of the seeded adaptive laser. A 1064nm seed laser is incident into the
self intersecting loop cavity. The self-intersecting loop generates an output beam which is the
phase conjugate of the input seed laser.
where θ is the angle of the λ/2 waveplate. Variation of θ controls the strength of beam
A3 such that it can be matched to the strength of beam A1 maximising the diffraction
efficiency from the gain grating.
It is also worth noting that in the self-pumped phase conjugate setup here where a
transmission gain grating is written into the gain medium to form a ring cavity the beam
diffracted from the gain grating A4 will be out of phase with the beam which wrote the
gratingA3. This would mean that the system would not be able to form a self-consistent
mode on round trip of the cavity. Thankfully the addition of the NRTE can induce a pi
phase shift between the two transmission directions compensating for this effect. This
allows a self-consistent mode to be formed.
6.2 Experimental seeded self-adaptive laser
It has been discussed that by using a self-intersecting loop geometry and the gain grating
formed within a saturable laser medium a phase conjugate output of an input beam can
be generated.
Figure 6.4 shows a schematic of the experimental a seeded adaptive laser system.
A TEM00 (M2 < 1.1) 1064nm 300mW seed laser is passed through a Faraday iso-
lator, used to control the power and to stop reflections back into the seed laser, and
a f=30cm collimating lens. This is then passed into a low reflectivity (r =≈3%)
beam splitter to generate an 8.1 ± 0.1mW seed beam which is incident into the gain
medium and self-intersecting loop. The gain medium is a 1.1 at.% Nd:YVO4 laser
crystal side pumped by a 50W diode bar which is vertically focused onto the side face
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of the 20mm×5mm×2mm slab crystal. The highly birefringent Nd:YVO4 laser crys-
tal leads to almost entirely vertically polarised emission from the gain region. The
laser mode is focused vertically into the gain medium by two 50mm cylindrical lenses
aligned on either side of the gain region. The incident beam is set to undergo total in-
ternal reflection from the pump face, in the ‘bounce geometry’. This provides a good
overlap between the gain region and the seed beam. The bounce geometry is especially
well suited for use in self-adaptive lasers as it provides very high gain levels, which are
crucial for efficient FWM via gain saturation. Full details of the amplifier and crystal
geometry can be found in section 2.1. The amplified seed beam is passed around a
loop formed from four mirrors before intersecting the gain medium again at a slightly
shallower angle than the first pass (≈ 2◦ separation). This maximises the overlap of
the two grating writing beams. The loop is 57cm in length and contains a NRTE which
allows matching of the gain grating writing beam intensities in order to maximise the
gain grating diffraction efficiency. The NRTE contains a 45◦ Faraday rotator and λ/2
waveplate encased between two vertical polarisation transmissive polarisers. Rotation
of the half waveplate allows variation in the forward and backward transmission factors,
as discussed in section 6.1.1.
Once the laser gain medium is pumped to sufficient levels of population inversion
and the NRTE correctly aligned for generation of a high diffraction efficiency from the
gain grating the ring cavity can generate a beam which is the phase conjugate of the
input seed. If the seed laser was switched off the phase conjugate output power dropped
significantly, instead being replaced with a beam formed from the double pass of the
amplified spontaneous emission (ASE) of the gain medium.
Figure 6.5 shows the phase conjugate output power of the seeded self-pumped adap-
tive laser as a function of the pump power. Also plotted is the power into the non-phase
conjugate output (PNPC in figure 6.5) which is the amplified transmitted component of
the grating writing beamA3. At≈19.5W of pump power the diffraction efficiency from
the grating coupled with the amplification from the gain medium overcomes the cavity
losses to reach threshold allowing oscillation of the ring cavity. The maximum output
power obtained was 11.5W from 47W pumping, at an optical to optical efficiency of
25% and a slope efficiency of 41%. At the maximum output power the phase conjugate
reflectivity (Pseed/PPC) of the system was over 1400×. From pump powers between
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Figure 6.5: Figure showing the phase conjugate and the non phase conjugate output powers
from the seeded adaptive laser as a function of the pump power.
19.5W-47W the phase conjugate output maintained the spatial profile of the seed laser.
Above the 47W of pumping the thermal lens of the amplifier became too strong in the
horizontal causing beam A3 not to be sufficiently sampled into the gain medium. This
reduced the information encoded into the gain grating to a level where stable phase
conjugate reflection was no longer possible.
6.3 Self-starting adaptive laser
In the previous section a self-adaptive laser system which generated 11.5W phase con-
jugate output from a 8.1mW seed was demonstrated. It has previously been demon-
strated that the seed laser can be replaced by a low reflectivity output coupler and the
system can self-organise itself to generate a high quality output in a self-seeded manner
[37, 44, 60, 140].
6.3.1 Compact self-starting adaptive laser
Figure 6.6 shows a schematic of the self-starting self-adaptive laser system. The laser
crystal and pumping optics are the same as discussed in section 6.2 but the loop length
was reduced to 460mm and the seed laser was replaced by an output coupler wedge
with a 1% reflectivity 135mm from the centre of the gain medium. The loop length was
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Figure 6.6: Schematic of the self-starting adaptive laser. The seed laser is replaced with a
1% reflectivity output coupler which generates the seed beam.
reduced in order to maintain sampling of the aberrated grating writing beam A3 despite
the increased thermally induced lens strength of the full 50W of available pump power.
The 1% output coupler needed a slight vertically misalignment in order to suppress the
ASE around the loop from dominating the oscillation.
As the pump power was increased the ASE from the gain medium was sufficient to
form a gain grating within the amplifier that allowed oscillation of the loop cavity via
diffraction from the gain grating.
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Figure 6.7: (a) Output power of a self-starting compact adaptive laser as a function of pump
power. (b) Optical to optical efficiency of a self-starting compact adaptive laser as a function
of pump power.
Figure 6.7(a) shows the phase conjugate and the non-phase conjugate output power
as a function of the pump power for the compact self-starting self-adaptive laser oscil-
lator. The threshold is higher than in the seeded case, with 29.4±0.2W required for
laser action. At a maximum pump power of 52.5±0.3W a phase conjugate output of
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Figure 6.8: M2 fitting of the Compact Adaptive Laser. The horizontal M2 is seen to be 1.33
and the vertical 1.07.
13.1±0.1W output was measured with a non-phase conjugate output of 1.20±0.05W.
This represents a maximum optical to optical efficiency of 25.0±0.02%, with a slope
efficiency of 56.3±2.5%.
The phase conjugate output beam quality was seen to be good in both the horizontal
and the vertical. A trace of the knife edge beam radius of the 13W phase conjugate
output as a function of distance through a focus imposed by a f=25cm focal length lens
is shown in figure 6.8. It shows a high beam quality in both the horizontal and vertical
with M2 factors from curve fitting of 1.33 and 1.07 in the horizontal and vertical re-
spectively. It is worth mentioning that the quality of the non-phase conjugate beam was
much lower than the phase conjugate beam with an approximate horizontal M2 ≈ 5.
This is much lower than the quality expected from a single pass of the bounce geometry
amplifier. This is believed to be because this second pass of the amplifier is slightly
vertically misaligned from the path of optimum amplification. This misalignment was
necessary as optimum alignment was seen to promote a strong double pass ASE mode
to exist in the loop in conjunction to the phase conjugate resonator mode, reducing the
output quality
The output also appeared to be relatively stable to misalignments, as once a cor-
rect alignment was found quite significant variation in the cavity optics could be made
without degradation in the output powers, or beam qualities.
6.3.2 Imaging self-starting adaptive laser
The imaging of the grating writing beam through the compact self-intersecting loop
geometry already discussed is dependent on the thermal lens strength within the gain
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Figure 6.9: Schematic of the self-starting adaptive laser with additional intracavity hori-
zontal lens in a 4f arrangement to ensure the overlap of the writing beams within the gain
medium.
medium. Indeed it was seen in the seeded adaptive laser that the thermal lens strength
became too strong to allow operation at the full pump power available. It has been
previously been shown that an improvement in the power attainable and the stable oper-
ational range can be improved by introduction of a pair of horizontal cylindrical lenses
in a 4-f imaging arrangement [42, 44]. The 4-f imaging system can allow imaging of
one edge of the gain medium to the other edge irrespective of the strength of the hor-
izontal thermally induced lens. This has the advantage of improving the stability of
the system as the writing of the gain grating by the self-intersecting loop is no longer
dependent on the strength of the horizontal thermally induced lens.
Figure 6.9 shows the self-starting adaptive laser with two additional horizontally
focusing cylindrical lenses. In the 4-f imaging system two horizontally focusing cylin-
drical lenses are introduced into the loop separated by the sum of their focal lengths and
each positioned their focal length away from the gain medium. The two lenses chosen
were of focal lengths of 20cm (HCL1) and 15cm (HCL2) and the corresponding loop
length was≈70cm. The use of two different focal length lenses added a reduction in the
beam size on clockwise oscillation around the loop. This has been deemed beneficial as
it reduces the horizontal extent of the gain writing beam (A3) better matching it to the
other beam (A1) and the gain region. All other aspects of this system are the same as
those detailed in section, apart from the output coupler being 170mm from the centre
of the gain medium.
Figure 6.10(a) shows the phase conjugate (PPC) and the non-phase conjugate (PNPC)
output powers from the self-starting adaptive oscillator with a loop length of ≈700mm
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Figure 6.10: (a) Output power of a self-starting adaptive laser as a function of pump power.
(b) Optical to optical efficiency a self-starting adaptive laser as a function of pump power.
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Figure 6.11: M2 fitting of the imaging adaptive laser.
and two horizontally focusing cylindrical lenses in a 4-f configuration. The output
power at the maximum pump power of 52.5±0.3W was increased to 15.6±0.2W with
0.68±0.01W leaving in the non phase conjugate (NPC) output. this corresponds to a
maximum optical to optical efficiency of 30.0±0.5%, with a slope efficiency of 54±1%.
The introduction of the 4-f horizontal imaging system has led to a 20% improvement
in the output power as well as a reduction in the threshold, suggestive that the imaging
system improves the grating writing efficiency. The reduced power into the NPC beam
is also suggestive that there is better overlap between the two grating writing beams
within the gain medium.
Unfortunately a reduction in the horizontal beam quality of the oscillator accom-
panied the increased powers attainable through introducing the horizontal 4-f imaging
system. Figure 6.11 shows the horizontal and vertical knife-edge radii of the phase
conjugate (PC) output from the oscillator through an imposed focus. The vertical
quality showed a slight reduction in quality in comparison the compact case with an
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Figure 6.12: Schematic of the self-starting adaptive laser with additional phase modulator
between the output coupler and the laser crystal to simulate a perturbation to the cavity length.
M2y = 1.26 with a horizontal quality reduced significantly to M
2
x = 2.12. The sys-
tem also exhibited greater astigmatism between the location of the focal points in the
vertical and horizontal.
The reason for this reduced beam quality is not well understood, and is not repre-
sentative of results obtained for a self-starting self-adaptive oscillator reported by other
authors [42, 44].
6.4 Stability of the self-starting self-adaptive oscillator
It has been often mentioned in a qualitative manner by other authors that due to the
holographic nature of the self-adaptive laser oscillator that it is able to adapt to dynamic
perturbations of the laser cavity without detrimental changes to the output power, effi-
ciency and spectral content. This claim is well justified by the theoretical understand-
ing of the self-adaptive nature of the system but has lacked in experimental data to
justify the claim. It was deemed prudent to attempt to experimentally clarify this be-
lief by investigating the affect well defined phase modulations have on the stability of
the oscillator. To investigate this a compact self-starting adaptive laser of the type de-
tailed in section 6.3.1 was constructed with the additional inclusion of a electro-optic
modulator (EOM) into the output coupler arm to modulate the effective cavity length
by ≈ 8/3pi at up to MHz frequencies.
Figure 6.12 shows a schematic of the self-starting self-adaptive oscillator identical
to the one discussed in section 6.3.1 but with the 1% reflectivity output coupler moved
back to 265mm from the centre of the gain medium and with an EOM inserted into
the path of the beam. The EOM was based on a lithium tantalate (LiTaO3) crystal
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Figure 6.13: Frequency response of the self-starting self-adaptive oscillator as a function of
a driving phase modulation of 2.6 radians amplitude.
packaged into a housing and driven by a low voltage amplifier. This allowed variation
of the phase of a 1064nm laser beam by up to 4/3pi. Placed into the cavity at this point
allows modulation of the path length by 8/3pi due to the double pass of the modulator.
The output from the oscillator was monitored by a fast In:GaAs photodiode (rise time
= 7ns) to monitor the temporal variation in the output and a Fabry-Perot (FP) imaging
system attached to a CCD camera to monitor the spectral variation fed from a AR/AR
wedge. The output power into both the phase conjugate and the non-phase conjugate
beams were also measured by a pair of power meters.
Due to a strong self-focusing which occurred within the phase modulator the output
power was limited to below 7W. At higher powers this self-focusing stopped the grating
writing beams from being imaged around the loop. Interestingly it was found in a
similar experiment undertaken with a conventional laser cavity that above ≈1.5W of
output power the induced aberrations and lensing by the phase modulator were so severe
that the laser output was heavily degraded to the point that operation was no longer
feasible. This demonstrates the phase conjugate nature of the self-starting self-adaptive
laser oscillator as it is able to compensate for these aberrations.
Figure 6.13 shows the phase conjugate output power as seen by the photo diode
as a function of the driving frequency of the phase modulator driven with a sine wave
of 2.60±0.05 radians amplitude. This is simulating a vibration on the output coupler
of amplitude of 220±5nm. To give a measure to the stability of the self-starting self-
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adaptive laser both the mean signal level and the standard deviation of the output signal
are plotted. The standard deviation of the output beam power, as measured by the
oscilloscope, gives a good measure of how perturbed the output power is by the phase
modulation.
At frequencies up to 10kHz there is negligible change in the standard deviation of
the output beam power. The gain grating appears at these driving frequencies to be able
to adapt to the changes in the cavity length in order to maintain stable operation. This
response to phase modulation in the gain grating is at roughly the same characteristic
frequency as the detection limit seen in the adaptive gain interferometry (AGI) detailed
in chapter 5. At frequencies above 10kHz the gain grating appears no longer to be able
to adapt to the phase changes and an increase in the standard deviation of the output
signal is observed.
At the high drive frequencies it is seen that the output from the self-starting self-
adaptive laser oscillator starts to become unstable and eventually starts to emit relatively
regular short pulses. Over the entire frequency range, even once this temporal power
instability has occurred the time averaged output power into the phase conjugate and
non-phase conjugate directions are relatively similar. Only a slight increase (≈100mW)
in power into the phase conjugate output was seen. This is believed to be due to the
increased extraction from the gain grating due to the phase modulation washing out the
gain grating slightly.
Example temporal traces of the output power are shown in figure 6.14, with the
upper trace showing the temporal response due to a 1MHz driving frequency and the
lower trace a 1.25MHz drive. The upper trace shows that the system is unable to main-
tain a CW output from the laser system due to the modulation, instead yielding a output
power heavily modulated in an irregular fashion. Increasing the driving frequency to
1.25MHz yielded a different response as shown in the lower part of figure 6.14. This
25% increase in the driving frequency causes the self-adaptive laser oscillator to start to
emit relatively regular pulses with full width half max (FWHM) durations .40ns. The
precise reasoning for this response is not well understood, but is of the right order to
suggest that it is related to the time-scales of rewriting the gain grating.
Figure 6.15(a) shows the FP spectrum of the self-starting self-adaptive laser oscil-
lator when no modulation is present. Figure 6.15(b) shows the FP spectrum when a
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Figure 6.14: Figures showing the temporal output of the self-starting self-adaptive laser
oscillator under phase modulation at 1MHz (upper) 1.25MHz (lower) where the dashed red
trace is representative of the 1.25MHz driving frequency
1 MHz phase modulation is present. These FP traces show identical bandwidths of
340±15MHz with a FP resolution of 60MHz. Although any side band that would be
generated by this 1MHz phase modulation is not resolvable the similarity between the
spectral content with and without the high frequency phase modulation is suggestive
that even in the case where an unstable pulsed output is present the gain grating is still
being written into the gain medium to complete the ring resonator. Instead of operating
in a continuous output, it instead emits unstably or even with pulses at times within
the phase modulation period where the correct phasing between the beams and the gain
grating is present.
It might be argued that as the phase modulator is in the output coupler arm both of
the gain grating writing beams are similarly perturbed in phase which will lead to no
overall change in the interference pattern or the resultant gain grating. This may be true
if the gain grating writing beams were plane waves, but as they are aberrated by the
EOM and the gain medium the interference pattern between the two beams will change
spatially as a function of the phase modulation. Future work should involve positioning
the EOM within the loop to confirm these results when it is clear that the interference
pattern will modulate with response to the EOM modulation.
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(a) (b)
Figure 6.15: Fabry-Perot images of the output from the self-starting self-adaptive laser os-
cillator (a) without any phase modulation (b) with phase modulation at 1MHz.
6.5 Conclusion
This chapter aimed to introduce the concept of FWM within a gain grating before dis-
cussing how it can be used in a self-pumped phase conjugation setup in order to generate
a high power phase conjugate beam.
A basic review of the theory which underlies FWM within a saturable gain media
has been presented, which is then implemented to demonstrate a seeded self-pumped
phase conjugate system. This system demonstrated a high phase conjugate reflectivity
of 1400 producing an 11.5W phase conjugate from an 8mW seed.
It was then shown that a self-pumped phase conjugate system based upon FWM
within a saturable gain media could be used in a self-starting manner where the seed
laser was replaced by a low reflectivity output coupler. This low reflectivity output
coupler allowed the gain grating writing beams to develop from the ASE from the gain
medium. This formed a stable phase conjugate output beam of high beam quality and
powers up to 13.1W. Improving the imaging of the self-intersecting loop beams through
the introduction of a pair of horizontal focussing lenses improved this output power to
15.6W.
The final section of this chapter investigated the stability of the self-starting self-
adaptive phase conjugate laser to perturbations from an EOM within the output coupler
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arm of the oscillator. It was seen that the oscillator was able to compensate for phase
variations up to ≈10kHz before temporal modulation of the phase conjugate output
power was observed. At higher drive frequencies the system appeared to still be able
to generate a phase conjugate output from the gain grating, but became temporally
modulated in an unstable or even pulsed operation.
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Chapter 7
Self-Organised Coherent Beam
Combination
High power, high beam quality lasers are needed for a variety of applications both
in the industrial and scientific fields, as detailed in chapter 1. This aim requires the
continued development of methods for power scaling. Power scaling is most commonly
accomplished by designing cavities which allow increased pump powers or by using
external cavity amplifiers in a master oscillator power amplifier (MOPA) arrangement
[21, 47, 147]. Unfortunately it is challenging to maintain high beam qualities whilst
increasing the output power due to thermal lensing, aberrations, non linear interactions
and ultimately optical damage. Potentially it is possible to overcome these issues if
a robust method to combine multiple low power, high quality oscillators into a single
output beam could be found. This idea of beam combination has gained much research
attention over the years, with many different mechanisms extensively researched [148,
149].
Asymmetric bounce geometry laser cavities have been shown to be an excellent
method for building high-power, high-efficiency lasers [21, 43, 46, 57], and have been
discussed previously in chapter 2. Power scaling of these systems has been investigated
in a number of ways, from using multiple pump diodes [48] to MOPA schemes [21,
47, 150], but these methods have problems associated with their use. Moving to higher
power pump sources increases the thermal lens strength and aberrations within the laser
crystal. These, along with potential damage to the crystal by the high intensity of the
pump, can limit the maximum practical pumping level which can be used in a single
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Figure 7.1: Conceptual diagrams of (a) tiled aperture and (b) filled aperture methods of
coherent combination of beams.
crystal. Experimentally it has also been seen that the optical to optical efficiencies of
systems pumped with high power diodes (≈100W) often drops. This is believed to be
due to these higher power diode bars and stacks not providing, at present, as high quality
pump radiation. Another way of power scaling laser systems is via beam combination.
Instead of passing a single beam through multiple amplifier stages, composite cavities
are designed which allow the combination of multiple low power oscillators into a single
output.
This chapter investigates the potential for power scaling the Nd:YVO4 bounce ge-
ometry laser oscillator through beam combination (BC). This will focus on the use of
self organised coherent beam combination (SOCBC) as the combination mechanism.
SOCBC is an interesting technique as it has been shown to allow passive combination
of modest numbers (≈ 10) of high quality oscillators into a single output beam. In order
to put the work, and that of chapter 8, in context, a discussion of different types of beam
combination techniques will be presented, followed by a theoretical discussion of the
conditions required for efficient SOCBC. This will be followed by describing the design
and implementation of a combination system involving two laser modules based on the
Nd:YVO4 asymmetric bounce geometry oscillators previously discussed in chapter 2.
This is then consolidated by an investigation into the perturbation stability of the two
module system under imposed cavity length modulation. This will be concluded by a
discussion of the power scaling potential of this system.
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Property Wavelength Combining Coherent Combining
Power spectra Non-overlapping Same for all elements
Phase control No requirement Ideal control, mod 2pi
Polarisation No requirement Instantaneous relative control
Amplitude No requirement Instantaneous relative control
Element alignment Diffraction limited alignment required for all elements
Table 7.1: Comparison of the general requirements for CBC and WBC, as reproduced from
the requirements detailed by T.Y. Fan. [148]
7.1 Beam combination techniques
Two main approaches have been suggested for combining the output from multiple
laser oscillators. These can be broadly broken down into wavelength beam combination
(WBC) and coherent beam combination (CBC). In WBC multiple oscillators, operating
at slightly different wavelengths, are combined by utilising variations in light propaga-
tion direction due to material properties, i.e. by material dispersion or grating selectiv-
ity. In CBC the phases of multiple oscillators, of the same spectral mode, are matched
so that they combine coherently. CBC techniques can be broken down into two further
categories, tiled and filled aperture approaches, as shown in figures 7.1 a and b respec-
tively. In tiled aperture CBC techniques the phases of multiple beams are combined
but they are not spatially overlapping, instead being tiled side-by-side in order to create
a single output. In filled aperture techniques the beams are overlapped and the phases
matched for constructive interference into a single output. Both WBC and CBC have
been demonstrated as successful methods for beam combination, allowing mitigation
of the problems associated with high power laser operation [148, 149].
The fundamental requirements for efficient BC by these two approaches have been
summarised by T.Y. Fan [148], and are reproduced here in table 7.1. The fundamental
differences in requirements for combination between WBC and CBC are evident. The
main difference being that WBC requires different power spectra whilst CBC requires
identical power spectra. WBC also has, in general, reduced requirements with respect
to phase, polarisation and amplitude control when compared to CBC. This is a result of
the way in which the addition of powers is accomplished. In CBC the output is the sum
of the electric field vectors, whilst in WBC it is the powers which are summed. In most
real world-systems these combination criteria must be considered more carefully, as
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Figure 7.2: Conceptual diagrams of wavelength beam combination where multiple laser
beams of different wavelengths are combined over a spectral combiner or series of combiners.
(a) A series approach where multiple dichroic mirrors are used. (b) Parallel approach, in this
case using a triangular prism.
although these are the fundamental requirements, they can be quite different dependent
on the implementation under consideration. For instance in a WBC system utilising
dichroic mirrors it is often true that the mirrors have a polarisation dependence, and as
such control of the polarisation of the combining modules is required. For this reasoning
it is important to consider the different methods of WBC and CBC on an implementation
by implementation basis.
7.1.1 Wavelength Beam Combination
Figure 7.2 shows conceptual diagrams of the two main ways which wavelength beam
combination is implemented. 7.2a shows a series implementation where various differ-
ent dichroic mirrors are used to merge additional beams operating at a different wave-
length into the combined output [151]. In figure 7.2b a conceptual schematic of a paral-
lel approach is shown, the natural dispersive nature of a prism is used to combine lasers
of different wavelengths into a single beam. WBC has been successfully undertaken in
both intra-cavity [152, 153] and extra-cavity approaches [154]. It may seem that these
combination mechanisms become demanding of laborious alignment. This may be true
for extra-cavity approaches, but a self-organising approaches which automatically se-
lect the correct wavelength have been demonstrated [152, 153]. The greatest benefit of
WBC over CBC is that the power scales as the sum of the individual module output
powers and as such mismatches of the individual module powers do not reduce the effi-
ciency of the BC. This is especially important when considering the long term operation
of a beam combination system where over time degradation of individual modules may
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Figure 7.3: Schematic of different techniques for coherent beam combination (a) Evanescent
wave coupling. (b) Phase conjugate combination. (c) Self-organised of supermode (d) Active
feedback
occur. This power scalability has generally led to the understanding that the criteria for
efficient WBC are less strict than those for CBC, and as such it has been successfully
implemented into larger laser arrays [148]. The major disadvantage of WBC of laser
arrays is that they inherently operate on many distinct wavelengths, making the output
unsuitable for applications which require long coherence lengths or high spectral purity.
The second disadvantage is that WBC requires a gain media with large spectral band-
width since most WBC schemes require a suitably large separation between wavelength
channels.
7.1.2 Coherent Beam Combination
In coherent beam combination a number of individual laser modules with mutual co-
herence of waveform and spectral content are vectorially combined into a single output.
CBC techniques can be generally broken down into two broad categories, either tiled
or filled aperture. In tiled aperture approaches the output from multiple lasers is phase
locked and tiled side-by-side into a 2D array of emitters [155–157]. In filled aperture
approaches the beams are overlaid into a single beam with the same size and divergence
as each of the individual lasers. Tiled aperture approaches have been demonstrated pre-
viously in much larger arrays than filled aperture approaches, but they have a limit to the
beam quality attainable which is related to the fill factor of the emitting array [158]; al-
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though compensation techniques can be employed [159]. As implementation specifics
of CBC techniques can vary quite dramatically a short discussion of some common
methods and their control requirements follows.
Evanescent Coupling In evanescent beam coupling multiple laser modules are closely
spaced such that the optical fields from each one overlap. This system is schematically
shown in figure 7.3a. The field overlap causes the lasers to lock their phases relative
to each other, allowing the field emanating from the modules to be tiled together into
a single output beam [160, 161]. Unfortunately it is often found that the modules will
lock themselves into anti-phase leading to degradation in the beam quality [148, 162].
Active Feedback In active feedback systems a low power oscillator is fed into an
array of individual amplifiers, with the amplified beam then being tiled into a single
output beam. Phase errors across the multiple beams passing through the separate am-
plifiers are controlled by measuring the wave-front emanating from the combined array
[155, 156, 163–167]. This information is fed back into a phase controlling element
within each low power, pre amplified, beam in order to correctly phase match all of the
elements. A notional schematic is shown in figure 7.3d.
Phase Conjugate In phase conjugate CBC a low power high quality beam is spatially
broken apart into a number of individual beams. Each of these are passed through an
amplifier and into a phase conjugation cell. The returning phase conjugate beam is am-
plified again before being tiled together into a single high brightness beam [168, 169].
This has been generally demonstrated in systems using stimulated Brillouin scattering
(SBS) gas cells for the phase conjugation [169]. This primarily limits the operation to
pulsed regimes due to the high power requirement for efficient phase conjugation. This
pulsed nature in turn leads to stringent criteria for equalisation of the individual module
optical path lengths such that the returning beams are timed correctly in both amplitude
and phase. Difficulties are also often prevalent at the joins between the tiled beams as
high pulse powers can damage the edges of the tiling optics.
Phase conjugate and two-wave mixing systems which transfer power from multiple
oscillators into a single beam in a filed aperture manner have also been demonstrated
[123, 170, 171].
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Common Resonator The idea of common resonator CBC is to build, what is essen-
tially, a parallel laser. Instead of a single cavity, the beam returning from the output
coupler is split into multiple beams, each of which is fed through an amplifier and back
mirror before returning back to the beam splitter/combiner. Building each cavity with
the same optical path length and amplification level forces correct phasing of the com-
bining beams so that they constructively interfere into the arm containing the output
coupler.
This technique is commonly limited due to fluctuations in the relative cavity lengths,
the so called piston error [148]. As the combination relies critically on equal individual
optical cavity lengths, constant monitoring and adjustment of the back mirror posi-
tions must be made in order to maintain efficient combination. For these reasons it has
been challenging to implement this technique reliably at short wavelengths, with the
most successfully implementations involving long wavelength lasers, such as CO2 at
10.6µm [172]. Compensation at this wavelength is possible as the optical path length
perturbations are small relative to the wavelength. This allows accurate cavity length
perturbations to be compensated via the use of piezo driven mirrors [172].
Self-organising The self-organising approach is very similar to the common res-
onator approach, but instead of trying to match the cavity lengths of each module, they
are made to be very different. For low numbers (< 10) of large cavity length resonators
cavity modes which allow constructive interference into the output channel will exist.
As these cavity lengths give increased feedback from the output coupler the compos-
ite cavity will self-organise to operate on a shared spectral mode which can reduce the
cavity losses [173–176].
Within the context of this thesis this technique is of much interest as it does not re-
quire any active adjustment of cavity lengths or phasing and as such allows passive com-
bination of lasers. This technique shall be investigated further with implementations
utilising diode-pumped solid-state Nd:YVO4 bounce geometry amplifiers explored.
7.2 Theory of Self-Organised Coherent Beam Combination
The operational behaviour of a laser is governed by the principle that it will self-organise
to operate on a mode, or subset of modes, which maximise their round trip gain. In
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Figure 7.4: (a) Showing the principle of a self-organised coherent beam combination. Shown
are two laser modules whose outputs are combined at a single 50:50 beam splitter. The single
output coupler (OC) locks the phases of the two modules so the modules coherently combine
into the output channel, and destructively interfere into the loss channel. (b) Showing a con-
ceptual schematic of self-organised coherent beam combination of larger numbers of modules.
self-organised CBC two or more cavities are combined in a Vernier-Michelson cavity
into a number of outputs, as shown schematically figure 7.4a and 7.4b. The phase
relationship between the beams at this coupler define the power distribution into the
separate outputs. One of the channels contains an output coupler which reflects light
back into the cavity, and is defined as the output channel. All the other channels give
no reflection and are defined as loss channels. The combined effect of the single shared
output coupler and loss channels is that the effective reflectivity of the output coupler,
as seen from the amplifier modules, is dependent on the phase and power relationship
between the combining beams. If the combining beams are phased so they undergo
constructive interference into the channel with the output coupler, the power reflected
back into the cavity arms is higher than under any other phase condition. This phase
dependent output coupler reflectivity leads to some spectral modes experiencing lower
cavity round trip losses. The system will self-organise its output spectrum to operate on
these longitudinal modes, phase locking the modules together into a single coherently
combined supermode.
The conditions required for efficient SOCBC will now be discussed with specific
emphasis on design criteria for utilising solid-state modules based on the bounce geom-
etry Nd:YVO4 amplifier detailed in chapter 2.
7.2.1 Conditions for self-organised coherent beam combination
The operational performance of a SOCBC setup has been investigated by a number
of authors [173–176]. Figure 7.5 shows the combination of two laser amplifiers in a
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Figure 7.5: Showing a schematic setup of a SOCBC setup of two amplifiers of gains G1 and
G2, beam splitter (BS), output coupler of reflectivity r (OC), individual cavity paths of L1 and
L2 and a shared cavity path of L3.
Vernier-Michelson cavity. The two modules have cavity lengths of L1 + L3 and L2 + L3
respectively where L3 is the shared section of the cavity between the beam splitter (BS)
and the output coupler (OC). The combination efficiency of the modules at a specific
operational wavelength can be investigated by considering the passive operation of the
cavity without amplification. An incident beam Ei moving from the output coupler into
the cavity is split by the beam splitter equally into the two modules before returning as
beams E1 and E2 with phase shifts φ1,2 = 2piνc 2L1,2. These are related to the path lengths
of the two module arms (L1,2) and the speed of light (c). The combined returning beam
(Er) which returns towards the output coupler can be defined by the phase relationship
between E1 and E2 as
Er = Ei
(
r2BSe
iφ1 + t2BSe
iφ2
)
, (7.1)
where tBS is the transmission of the beam splitter (BS) and rBS is the reflectivity. Nor-
malising this in reference to the input beam allows calculation of the reflectivity (R) of
the passive, non-lasing, cavity of
R =
∣∣∣∣ErEi
∣∣∣∣2 = ∣∣r2BSeiφ1 + t2BSeiφ2∣∣2 . (7.2)
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Which in the condition of a 50:50 beamsplitter where rBS = tBS = 0.5 gives
R =
1
2
(1 + cos (∆φ)) , (7.3)
where
∆φ = |φ2 − φ1| = 2piν
c
2 |L2 − L1| . (7.4)
Equation 7.3 gives a formula for the phase dependent loss of the Vernier Michelson cav-
ity dependent on the phasing of the two beams that are being combined. This is fixed by
the combining modules lengths and the wavelength of light. It predicts a cosinusiodally
modulated reflectivity of the passive composite cavity where the period of this phase
dependent loss can be calculated as
∆ν =
c
2 (L1 − L2) =
c
2∆L
. (7.5)
As a cavity mode will dominate if it experiences lower intra-cavity losses it is this phase
dependent loss which will act as a mechanism to lock the operational spectral mode of
the lasers into a single coherent output.
Spectral conditions for self-organised CBC
Equations 7.3 to 7.5 describe that a phase dependent loss exists for the passive cavity
as a function of the wavelength and cavity arm lengths. When considered alongside
the longitudinal mode structure of a laser cavity (mode separation and bandwidth of
the resonances) it can be seen that this condition dictates that a discrete set of spectral
modes which are shared between the two cavities will exist. i.e. λ = L1+L3
m
= L2+L3
n
where n and m are integers.
With equal path lengths, L1 = L2, equation 7.3 shows that the beat period becomes
infinite as the frequency combs line up. As the two cavity lengths diverge the beat
period reduces in length. With small discrepancy between cavity lengths, i.e. large beat
length, it can occur that only a small number of modes exist within the gain bandwidth
of the laser medium. This can lead to very unstable output powers from the laser, as
small perturbations may push the shared modes outside of the gain bandwidth. This is
the piston error which limits the combination by the common resonator approach. With
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Figure 7.6: (Top) The spectral cavity modes of a 60cm laser cavity. (Middle) The spectral
modes of a 53cm laser cavity. (Bottom) The shared resonator modes of the 53cm and 60cm
laser resonator modes as if combined in a Vernier-Michelson cavity.
large differences between the cavity lengths a short beat frequency exists, allowing
many shared resonator modes to exist within the bandwidth. In this case stable output
powers are seen as the cavity has the ability to find a new shared spectral mode even
under perturbations to the cavity lengths.
Applying these estimates to a realistic SOCBC cavity based on a bounce geometry
Nd:YVO4 amplifier allows investigation of whether there is potential for power scaling
by SOCBC. Figure 7.6a shows the spectral mode separation of a 60cm laser cavity and
figure 7.6b shows the spectral modes of a 53 cm laser cavity, with longitudinal mode
separation given by
∆ν1 =
c
2 (L1 + L3)
=
c
2 (60cm)
= 250MHz (7.6)
∆ν2 =
c
2 (L2 + L3)
=
c
2 (53cm)
= 283MHz. (7.7)
Figure 7.6c shows the product of the frequency combs of these two laser cavities with
a beat frequency given by
∆ν =
c
2 (L2 − L3) =
c
2 (60cm− 53cm) = 2.14GHz. (7.8)
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In Nd:YVO4 the gain bandwidth is around 257GHz (0.96nm) [66]. Assuming the gain
bandwidths of the two modules overlap this is suggestive that over 100 possible shared
spectral modes will exist for this two module composite cavity. This should allow the
selection of a suitable set of spectral modes which allow efficient extraction from the
gain media even though spatial hole burning would limit the extraction by any one
spectral mode. It is worth noting that if the gain bandwidths of the two modules do
not perfectly overlap the number of shared spectral modes can reduce. This leads to a
requirement to maintain the temperature of each module at a similar level in order to
reduce gain spectral mismatch.
Spatial conditions for self-organised CBC
Spatial mode control adds an additional requirement to the parameters for efficient com-
bination of a SOCBC system. It is required that the transverse modes emanating from
the modules overlap spatially along the path from the beam combiner to the output
coupler. This requires identical mode structure and divergence of the beam from each
module. Discrepancies between the combining beams transverse modes will reduce the
efficiency of the combination. For this reason SOCBC is so frequently implemented
in fibre based systems as transverse mode control which selects only the fundamen-
tal spatial mode can be guaranteed [174–177]. In modules where higher order modes
can exist the phase and power dependent output coupler will cause the cavity to self-
organise onto the transverse mode set which minimises the composite cavity round trip
losses. When far away from laser threshold this may lead to higher order transverse
mode operation. This is why much previous solid-state SOCBC work has focused on
utilising oscillators which operate near threshold as this restricts the transverse modes
which can reach threshold. The bounce geometry amplifier has been optimised to give
high power and beam quality outputs at high pumping levels, far away from threshold
[21, 46, 48]. This operation is in the second asymmetric cavity stability region where
the gain region is matched to the beam profile. Ideally operation of a SOCBC system
requires design of a composite cavity which can match the beam sizes of the separate
modules to the gain region at high pump powers.
These spatial mode considerations dictate that there is a balance to play between the
usage of modules of different cavity lengths, which allow many shared spectral modes,
Chapter 7. Self-Organised Coherent Beam Combination 203
Diode 
Bar
VCL3 VCL4
VCLD
M4
Nd:YVO 4
Diode 
Bar
VCL2VCL1
VCLD
M1
OC
Nd:YVO4
POC
L3L2
L7 L6
L1
L5
L4
M2
M3
BS
PLC
Module 1
Module 2
Figure 7.7: Schematic showing the coherent combination of two asymmetric bounce geom-
etry cavities.
and cavities which are matched in length so that they can operate on a shared, low order,
transverse mode.
Power conditions for self-organised CBC
In SOCBC it is important that the power of the individual modules is well matched.
As the powers are summed vectorially reduction in the output power from one module
will reduce the power which can constructively interfere into the output channel by the
other modules [173]. This is linked heavily to matching the spectral and transverse
power spectra discussed previously.
7.3 Experimental self-organised coherent beam combination
Figure 7.7 shows the schematic setup for SOCBC of two asymmetric bounce geometry
modules in a Vernier-Michelson cavity. Each module contains a 1.1 atm.% Nd:YVO4
crystal side pumped by a 50W 808nm diode bar. The diode bar is fast axis collimated
and focused onto the pump face by a 12.7mm vertical cylindrical lens. The laser mode
is vertically coupled into the cavity by two 50mm vertical cylindrical lenses aligned
≈ 55mm either side of centre of the gain medium. Each cavity has a 1064nm high-
reflectivity (HR) back mirror mounted on a translation stage, which allows variation
cavity rear arm length. The two cavities are coupled together at a beam splitter (BS),
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causing them to share a common path from the BS to the 33% reflectivity output coupler
(OC). In other SOCBC systems it is common to set the cavity lengths of the two cavities
to be very different [148]. This allows the system to find a common spectral mode which
allows efficient combination at the beam splitter. In an asymmetric cavity bulk laser
of the type under consideration here a compromise must be reached between setting
the cavity lengths for spectral matching, whilst maintaining a spatial mode which is
common to both cavities. In an asymmetric cavity operating in the second stability zone
the spatial mode profile is controlled by the distance from the laser medium and the back
mirror [77, 78]. Thus it is believed that by matching the distances from the OC to the
gain crystal centre of the two cavities will allow good spatial mode matching. Variations
in the back mirror length of the two cavities will allow matching of the spectral mode as
well as hopefully maintaining TEM00 operation with the different thermal lens strengths
that will be present in the two crystals. Two steering mirrors (M2 and M3) are included
into the second cavity arm between the beam splitter (BS) and the amplifier to allow
interferometric alignment of the two cavity modes. Module 1 (upper right hand side in
figure 7.7) had a distance from crystal centre to the beam splitter, L2= 315mm, whilst
module 2 (lower lhs in figure 7.7) had a length of L4 + L5 + L6= 325mm. The shared
path between the BS and the OC was of 185mm. The back mirror lengths of modules
1 and 2 (L3 and L7) were set at 255mm and 250mm respectively. Implying cavity 1
had a total length of 755mm, and cavity 2 a length of 760mm, amounting to a ≈ 5mm
difference between the two cavity lengths. This suggests that ≈ 8 shared longitudinal
modes will be present within the gain bandwidth of the 1064nm Nd3+ transition.
Figure 7.8 shows the variation in the output channel and loss channel powers over
variation in the pump power. The greyed section on the lhs shows the situation where
only the diode pumping to module one is active. The white side on the right denotes
the situation where the pump diode of module 1 continues to pump at full power and
the power of the diode pumping cavity 2 is increased. At full pump power of 94W, the
output channel dominates with 35.7W into the output channel (POC) in comparison to
6.81W into the loss channel (PLC). This represents an optical to optical efficiency into
the output channel of 38%. The corresponding total optical to optical efficiency into
both the output and loss channels is 45%. The combination efficiency (η) of this system
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Figure 7.8: Showing power curve of the coupled asymmetric modules. A total combined
power in the output channel of 35.7W to 6.77W in the loss channel was seen. The grey shaded
section shows where only diode 1 was operated and the second section where diode 1 was
maintained at 50W pumping with diode 2 varying in power.
is defined as
η =
POC
POC + PLC
=
35.7
35.7 + 6.81
= 84%. (7.9)
In figure 7.8 in the greyed section where only diode one is pumped it would be expected
that the power ratio between the two output directions (POC : PLC) would be fixed as
the second cavity is not lasing, but it clearly shows a variation in the output ratio over
the pumping range. This discrepancy is due to interference between the output from the
active cavity and the reflection from the back mirror of the passive cavity.
In the right hand side of figure 7.8 where both pump diodes are active efficient
CBC is only observed at the the top end of the pumping range, where the system was
primarily optimised. Below this power, between ≈ 55W − 85W, it is even seen that
the system locks into anti-phase, with the majority of power entering the loss channel.
This rapid reduction in the combination efficiency with pump power imbalance has
been reported in other work and is often given as a reason why SOCBC is not a robust
method for power scaling [148].
Figure 7.9 shows a vertical and horizontal M2 caustic for the output channel of the
SOCBC of two asymmetric cavities when operating at 35.7W in the output channel to
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Figure 7.9: Showing the M2 caustic in the vertical and horizontal and vertical of the coher-
ently combined output channel.
6.8W in the loss channel from 94W total pumping. In agreement with the operation of
a single asymmetric bounce geometry laser, as discussed previously in 2.3.3, the beam
quality is noticeably higher in the vertical than the horizontal, with a vertical M2= 1.4
and a horizontal M2= 3.5. The beam quality of the loss channel was observed to be
significantly worse, although a M2 factor has not been taken.
7.4 SOCBC operational behaviour
The SOCBC system based on diode pumped bounce geometry Nd:YVO4 amplifiers
offers more power than a single Nd:YVO4 cavity pumped with a 50W diode bar. Un-
fortunately the extraction efficiency into the output beam from two modules is much
lower (38%) than seen in single asymmetric bounce geometry lasers (≈ 50% as demon-
strated in section 2.3.3), or in MOPA systems [21]. As the beam quality is also worse
this incantation of a SOCBC composite cavity needs significant refinement in order to
make it into a viable alternative to the use of a MOPA system. To this aim the opera-
tional behaviour of the system will be discussed with emphasis on what are believed to
be the limiting factors in this attempt at power scaling.
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7.4.1 Spatial mode selection
(a) (b)
Figure 7.10: (a) Spatial mode of the coupled asymmetric at optimum pump power. (b) Spatial
mode of the coupled asymmetric when pumped over the optimum pump power (100W total)
The combination efficiency of the SOCBC of two asymmetric laser cavities has
been seen to only allow efficient combination at the pump power levels at which the
system is aligned for. This is believed to be due to the cavity not being able to find
a suitable shared transverse mode at other pump powers. Figure 7.10(a) shows the
output channel mode profile at the optimum pump power (47W per module), where the
combination efficiency is highest. It shows a relatively low-order mode profile in the
vertical (M2=1.4) and a mode profile in the horizontal, which although not of very low
order (M2 = 3.5), has a relatively single spot. The understanding that it is the spatial
matching which limits the combination efficiencies is evident from figure 7.10(b) which
shows the mode profile of the output channel when pumped with 50W per module. The
relatively small increase of 3W of pumping per module causes the cavity to be unable
to self-organise onto a low order mode output. This leads to a higher order mode output
in both the horizontal and vertical.
This finding is suggestive that it is the spatial mode matching between the two cav-
ities that is limiting the combination efficiency and beam quality. This suggests that
to improve the performance of this system future work should focus on improving the
spatial matching of the modules.
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7.4.2 Spectral mode selection
Combination efficiencies of 84% are suggestive that the composite cavity was indeed
able to find shared spectral modes within the gain bandwidth. Examining the spectral
content of the combined beam using a Fabry-Perot (FP) etalon suggested that the cavity
was running consistently on approximately 5 spectral modes. These spectral modes
were seen to be below 60MHz in bandwidth, which was the resolution limit of the FP
etalon. This spectral content was stable over a few seconds but would exhibit mode
hopping as the laser system adapted to perturbations within the cavity.
7.4.3 Alignment issues
One of the main issues associated with this kind of bulk SOCBC was the alignment sta-
bility of the system. As interferometric precision was needed this could often become
problematic when considered in laser amplifiers with inherent thermal lenses. The prob-
lem could be surmised thus: the two modules would operate with a stable combination
efficiency below the optimum. A minor realignment to the coupling optics would in-
crease this combination efficiency slightly, increasing power into the output channel.
This in turn would cause a higher power beam to return from the output coupler into
the two cavities. This would increase the efficiency of extraction from the two cavities
changing the strength of the thermal lens. This in turn would then effect the efficiency of
the combination, which would again change the thermal lens. The overall effect of this
feedback was that the standard alignment technique of incremental adjustments, which
will move towards the global best solution was not effective. Instead the system tended
to lock onto local ‘minima’ in the fitness space. The exact nature of the fitness land-
scape is not known, but a glimpse at its nature can be seen from operational evidence.
The landscape contained some critical behaviour where minute change in the alignment
of the system could have a dramatic effect to coupling efficiencies and output beam pro-
files. It exhibited hysteresis where returns to the alignment prior to adjustment would
not return the operating performance. Essentially the path to the stable operating align-
ment was sometimes as important as the alignment itself. This was also evident in the
inconsistent turn-on of the laser system, with different operational behaviour observed
each time.
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Figure 7.11: Schematic showing the additional inclusion of a electro-optic modulator to the
SOCBC of asymmetric bounce geometry modules
7.5 SOCBC perturbation stability
The SOCBC setup presented within this chapter shows some promise for a future di-
rection for power scaling the output powers from the bounce geometry Nd:YVO4 laser
amplifier. One question that is often raised regarding SOCBC systems is how stable are
they to perturbations of the cavity length?
Perturbations to laser cavity lengths can occur from many sources, such as atmo-
spheric changes, vibrations and due to dynamic refractive index changes within the
cavity optics. In a SOCBC system changes in the cavity length of one of the mod-
ules can lead to the composite cavity no longer supporting spectral modes which can
combine coherently. Simulation of these cavity length fluctuations can be experimen-
tally investigated by using an intra-cavity electro-optic modulator (EOM) to control the
effective cavity length.
Figure 7.11 shows the setup for the SOCBC of two asymmetric bounce geometry
lasers. It is identical to that described in section 7.3, but with the additional inclusion of
a EOM into the cavity of module 1. The EOM was based on a lithium tantalate (LiTaO3)
crystal packaged into a housing and driven by a low voltage amplifier. This allowed
variation of the phase of a 1064nm laser beam by up to 1.35pi. Placed into a cavity the
double pass allows modulation of the path length by 2.7pi. For the investigation of the
stability of the SOCBC the phase modulator was set to modulate the cavity length by
pi radians, i.e. 532nm. The phase modulator had a frequency range of ≈ 1MHz. By
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driving this phase modulator with a sine wave the perturbation response of the system
at various frequencies can be examined.
Unfortunately it was found that the phase modulator had a large non-linearity to
the 1064nm laser radiation causing self-focusing and general degradation of the spa-
tial beam quality at transit powers & 1W. It is believed that this was largely due to
an absorption problem leading to internal heating. This is believed because the time
scale of the beam degradation was on the order of seconds. This reduction of beam
quality due to the modulator reduced the SOCBC efficiency as the spatial overlap of the
two combining beams reduced. To limit this beam degradation and to maintain good
spatial overlap of the combined beams the modules were operated at low powers of
≈ 0.6W per module. This operation is relatively close to threshold with low thermal
lens strengths allowing operation within the first cavity stability zone. Although this
operational regime is much below the usual high power operation in the second cavity
stability zone, the physics of the combination efficiency is believed to be the same, so
conclusions drawn from this experiment should be valid for higher power operation.
The power into the output channel of the SOCBC cavity without phase modulation
is seen to be stable in the long time domain with some oscillation on short time scales
as expected due to mode beating of a multimode laser source.
Figure 7.12 shows the power into the output channel and loss channel as a function
of the sinusoidal phase modulation frequency. The self-organised coherent combina-
tion into the output channel was maintained up to ≈200kHz drive frequencies. Above
this driving frequency both the combination efficiency and the total power emanating
from the cavity drops as the cavity is no longer able to find shared modes which allow
coherent combination.
Temporal examination of the output power by a fast photodiode (rise time ≈ 5ns)
showed that when the phase modulation was present the cavity would no longer operate
in a continuous manner. Instead pulsing behaviour would be seen on a time scale related
to the drive frequency. An example of this is shown in figure 7.13 where the temporal
intensity of the beams from the output and loss channels due to a phase modulation at
10kHz is plotted. It is important to note that the pulsing is occurring in both the output
and loss channel. This shows that the phase modulation does not cause the modules to
lase independently. Instead operating in a situation where pulses are emitted when a
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Figure 7.12: Showing the output channel, loss channel and total output powers for the
SOCBC of two asymmetric modules with an electro-optical modulator included into one arm
as a function of the sinusoidal phase modulation frequency.
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Figure 7.13: Showing the output channel and loss channel temporal intensity output from
the SOCBC of two asymmetric modules with phase modulation at 10kHz.
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Figure 7.14: Showing the temporal response of the asymmetric SOCBC system under
phase modulation of one of the paths at three different driving frequencies (100Hz, 10kHz
and 1MHz). Shown are three figures for each of the driving frequencies, the temporal output
from the loss channel (LC), the output channel (OC) and the driving modulation. Each plot
shows the temporal signal truncated at the period of the driving signal with N multiple traces
plotted.
spectral mode between the two cavities can be found. This gave pulses of 350 ± 50ns
long at temporal separations related to the driving frequency.
It was not obviously clear whether the pulsing observed due to the effective cavity
length variation imposed by the phase modulator was occurring at regular phase com-
bination conditions or whether it was more random. In order to investigate this many
temporal output powers of both the output channel (OC) and the loss channel (LC) were
taken. Successive output power traces were truncated on the driving period and plot-
ted as a colour map. If the pulsing behaviour was at regular points within the phase
modulation period this would be seen as a vertical line in the colourmap.
Figure 7.14 shows the drive, output channel (OC) and loss channel (LC) powers at
three different frequencies of sinusoidal phase modulation (100Hz, 10kHz and 1MHz).
The plots in figure 7.14 are truncated on the periodf the phase modulation and plotted
with successive traces N on the y axes. The intensity of the light and amplitude of the
phase modulation are plotted as a colour map. It has already been seen that at high
frequency phase modulations spiking behaviour in the outputs is seen. Vertical lines
in the output channel (OC) and loss channel (LC) plots represent pulsing on a regular
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period related to the phase modulation frequency.
At 100Hz modulation drive there is little amplitude modulation of the output chan-
nel and loss channel is seen. At this low frequency phase modulation variation in the
cavity length does not affect the CBC efficiency as the cavity length is essentially fixed
when considered in reference to the characteristic time scales of the cavity mode and
upper-state lifetime of the gain medium. These changes in cavity length are occurring
on a time scale long enough that the cavity can find a new set of shared longitudinal
modes in order to efficiently constructively interfere into the output channel.
At 10kHz the output channel and loss channel show a spiking behaviour in the
output channel. The timing of these pulses relative to the phase of the modulation is re-
produced across many periods of the drive. Specific phase modulation amplitudes lead
to a pulse emanating into the output channel and loss channel. Figure 7.12 showed that
at this driving phase modulation frequency efficient CBC was still occurring, despite
this pulsing of the output.
At 1MHz phase modulation frequency the output channel and the loss channel emit
2 pulses at specific phases in the driving waveform. When comparing this to the com-
bination efficiency at this driving phase modulation frequency in figure 7.12 it is clear
that the combination efficiency and the total output power from the combined system
had dropped dramatically. With destructive interference into the output channel be-
coming the dominant response of the system. It is believed this behaviour is due to
the gain medium being unable to build up a correctly phased response for constructive
interference within the time scale of the phase modulation.
7.6 Potential for further power scaling
Power scaling of this system could be easily comprehended through moving to higher
numbers of laser modules arranged in an expanded Vernier-Michelson cavity; Where
a tree-like structure is employed to couple larger numbers of modules. The number
of laser modules which can be combined efficiently in a SOCBC setup is limited by
the availability of a shared spectral mode on which all of the modules can oscillate
whilst maintaining a phase relationship suitable for coherent combination. Applying the
model put forward by Kouznetsov et.al. allows an estimate of the potential combining
efficiency of a number of conventional laser modules [178].
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Figure 7.15: Showing the potential combination efficiency of a SOCBC composite cavity
as a function of the number of modules. The cavities are modelled are based on a Nd:YVO4
amplifier of 75cm in length.
Following these arguments the number of Nd:YVO4 bounce-geometry laser mod-
ules that could be efficiently coupled together by SOCBC can be predicted. An estimate
for the combination efficiency (η) of an array of N modules can be estimated as [178]
η = 1− pi
2
2
exp
(
−2 ln (κL)
N − 1
)
. (7.10)
Where η is the combining efficiency, L is the cavity length and κ is the bandwidth of the
lasing wavelength; which can be estimated as κ = 2pi∆λ/λ2, where ∆λ is the linewidth
and λ is the laser wavelength.
Figure 7.15 shows the combination efficiency as given by equation 7.10 for Nd:YVO4
laser amplifiers operating at 1064nm (∆λ = 0.6nm) with cavities approximately 75cm
in length. This predicts that the fundamental limits to combination efficiencies will
drop below 90% for arrays containing 5 modules, and below 80% for arrays containing
6 modules. The combination efficiency drops rapidly for arrays containing more than 6
modules.
This model shows that the number of modules that can be combined efficiently can
be increased but at the cost of an exponential growth in the cavity length. It is worth
noting that this model is limited as it does not include effects from losses within the
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individual cavities, spatial hole burning or gain saturation, which will all add to reduce
the efficiency further. This is suggestive that only small array sizes could be efficiently
combined.
It is also important to note that moving to higher numbers of modules may not
actually increase the usefulness of the combined output as the brightness may in fact
be lower. It has been seen that the combined output from the two module system is
of higher power than the individual modules, but at the expense of the beam quality.
As in many applications it is the brightness (or intensity) that is important coherent
combination of multiple solid-state bounce geometry modules into a single output may
not be advantageous
7.7 Chapter Conclusion
This chapter aimed to investigate the potential for power scaling bounce geometry laser
amplifiers through using beam combination. This involved a discussion of different
beam combination methods followed by an experimental investigation into SOCBC of
asymmetric diode-pumped solid-state Nd:YVO4 bounce geometry modules.
Power scaling of the bounce-geometry amplifier by SOCBC has been shown to
be modestly successful, allowing generation of a 35.7W from a total pump power of
94W. Unfortunately this was at the expense of both beam quality and optical to optical
efficiency that is expected from bounce geometry laser cavities. This is, to the best
of our knowledge the first time that a SOCBC system has been implemented utilising
bounce geometry laser amplifiers.
One of the concerns of using a SOCBC setup was the effect cavity length variations
would have on the combination efficiency. It has been shown that coherent combination
is possible from the two module system under imposed phase modulation into one of
the cavity arms at up to 200kHz. At low phase modulation frequencies the output
would remain relatively continuous as the cavity was able to adapt to the changing
cavity length to maintain a spectral mode capable of coherent combination. At high
frequencies (&1kHz) the sinusoidal phase modulation would cause the cavity to operate
in a pulsed region. With pulses emanating at specific points in the modulation period
where coherent combination could occur.
Further power scaling via larger array sizes is believed to be possible up to around
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6 modules. Above this number the combination efficiency will drop substantially as
shared spectral modes will not be able to be found within the gain bandwidth.
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Chapter 8
Phase Conjugate Self-Organised CBC
In chapter 7 a demonstration of self organised coherent beam combination (SOCBC)
utilising conventional solid-state bounce geometry cavities was reported. This system
showed the ability of the coupled laser cavity to self-organise its spatial and spectral
mode in order to constructively interfere into a single output channel. The system was
shown to operate efficiently, but the beam quality and stability of the system were lack-
ing due to the interferometric alignment criteria of the two cavities. Power scaling of
SOCBC systems into larger module arrays is known to be limited due to the requirement
of finding a shared spectral mode of all the cavities [148, 178, 179]. As the number of
modules is increased the number of shared spectral modes decreases limiting the num-
ber of efficiently combinable modules to less than 10 [148, 178, 179].
In this chapter the technique of phase conjugate self-organised beam combination
(PCSOCBC) is introduced, in which self-starting phase conjugate modules are imple-
mented in a SOCBC system. The use of these self-starting phase conjugate modules
has the advantage that the modules have a continuum of spatial and spectral solutions
and can thus always find a common mutual coherent solution for SOCBC.
Initially a conceptual description of the system is presented, followed by the details
of two experimental two module systems based on gain grating self-adaptive lasers. A
discussion of the mechanism of operation and a numerical investigation into the number
of modules which can be efficiently combined by PCSOCBC is then presented. This is
concluded with a discussion of the future potential of the PCSOCBC technique.
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8.1 Principle of PCSOCBC
In PCSOCBC a similar setup to SOCBC is constructed, but with conventional laser
modules used in chapter 7 replaced with self-starting phase conjugate modules of the
type described in chapter 6. It is known for SOCBC that the modules must be phased
correctly for constructive interference into the output channel. In linear cavity mod-
ules it is not possible to just adjust the finite phase offset of the individual modules as
this is constrained by the cavity length and positioning of the beam combiner. Instead
the cavity self-adjusts its operational wavelength in order to correctly phase the beams
for combination at the beam combiners. As the number of modules is increased the
probability of finding a correct wavelength for high efficiency combination drops dra-
matically [148, 178, 179]. Using phase conjugate modules has the benefit that the cavity
does not predefine the spatial and spectral output mode or the finite phase offset. This
allows a module in a PCSOCBC system to always be able to adapt its output mode to
correctly phase the beams for constructive interference, independent of the number of
modules. Furthermore, the phase conjugation of the holographic modules allows aber-
ration correction and can coherently combine even in the presence of thermally induced
distortions within the amplifier modules.
8.2 Experimental PCSOCBC
An experimental implementation of PCSOCBC has been investigated utilising phase
conjugate modules based on the self-starting self-adaptive modules detailed in chapter
6. These modules are an advantageous base for an experimental implementation as they
have been demonstrated with high powers and beam qualities, whilst being compact
and robust [39, 42, 44, 60, 113, 139].
The experimental setup for the phase conjugate self-organised coherent beam com-
bination (CBC) of two self-adaptive laser modules is shown in figure 8.1. Each modules
is built to the same specification, with each one containing a 1.1% at. Nd:YVO4 laser
crystal operated in the bounce geometry [20–24]. This laser crystal has dimensions of
20mm × 5mm × 2 mm (length × width × height). Pumping is by a 50W 808nm diode
bar with fast axis collimation. The diode output is focussed onto the laser crystal by a
12.7mm focal length vertical cylindrical lens (VCLD). The two 5 mm × 2 mm faces
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Figure 8.1: Schematic of the coupled compact adaptive modules.
are antireflection coated at the laser wavelength (1064nm) and angled to reduce para-
sitic oscillations. The crystal itself is a-cut with c-axis vertically aligned for high pump
absorption. This leads to primarily vertically polarised emission at 1064nm. The laser
mode is vertically matched to the amplifier gain distribution by 50mm vertical cylin-
drical lenses (VCL1−4). Each module contains a non-reciprocal transmission element
(NRTE) consisting of a pair of polarisers encasing a half waveplate and a 45◦ Faraday
rotator [44, 113, 139]. Rotation of the half waveplate allows variation in the ampli-
tude transmission of the self-intersecting writing beam. This allows optimisation of the
diffraction from the gain-grating formed between the writing beams [44, 113, 139]. The
loop itself is constructed from four 45◦ high-reflectivity (HR) mirrors forming a total
loop length of 460mm. The self-intersecting loop beam is initially incident into the
crystal at an angle which gives an ≈7◦ internal bounce angle, on the second pass this
internal bounce angle is reduced to ≈5◦.
The SOCBC is accomplished by a Vernier-Michelson type coupling of the adaptive
modules, provided by a 50:50 beamsplitter (BS) and a common, 1% reflectivity, output
coupler (OC). The combined beam which passes through the output coupler is defined
as the output channel (POC in figure 8.1) and the other output the loss channel (PLC
in figure 8.1). The distance from the output coupler to the amplifier crystal within
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Figure 8.2: Plots showing the beam width of the 22.1W output beam from the coupled
compact adaptive in the horizontal and vertical.
both adaptive modules was set to be roughly similar at 300±10mm and 360±10mm for
module 1 and 2 respectively.
The system was optimised for operation at 50W pumping power into each of the
modules. The resultant output power into the output channel was 22.1W, with 2.52W
entering the loss channel. This represents a combination efficiency of
η =
POC
POC + PLC
= 90%. (8.1)
The optical to optical efficiency of the system of 22.1% which compares well to the
maximum of 25% which was demonstrated in similar individual systems (see section
6.3.1).
Figure 8.2 shows the 22.1W output beam horizontal and vertical width moving
through an imposed focus. The M2 of this beam was measured to be 1.62 and 1.06
in the vertical and horizontal. This is slightly worse than the individual results which
were presented within section 6.3.1, but is the same as the beam quality seen from
this system when the modules were run independently. This suggests that with more
rigorous alignment a higher beam quality should be possible.
Effect of thermal lens on PCSOCBC
In the coupled compact adaptive modules a slightly lower power efficiency (≈3%) is
seen than in the individual operation. Whilst the combination is such that around 10%
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of the total output power is wasted into the loss channel. This limitation is believed to be
due to inefficient overlap of the grating writing beams within the gain region. The ther-
mal lens within the gain region acts to focus the self-intersecting writing beam. As the
pump power is changed the variation in this thermal lens strength changes the overlap
between the hologram writing beams. If a number of these modules were to be con-
structed it would be very unlikely that the thermal lens strength of all the crystals will
be the same at the same pump power due to propagation of manufacturing tolerences.
This would mean that each module would not be able to operate at exactly the same
output power and beam quality, reducing the efficiency of the coherent combination.
It would be possible to compensate for this effect by adjusting the individual modules
cavity lengths in order to optimise each module for maximal pump power, but this is not
an ideal situation to be in when designing a module which is easily reproducible. This
would also limit the operational output power of the combined beam to a fixed output
power, loosing the flexibility of the self-starting self-adaptive modules.
8.2.1 Extended adaptive modules with imaging optics
It has been shown that using the thermal lens within the gain region to image the self-
intersecting writing beam limits the flexibility in output power and beam quality. To
extend the performance to higher output powers, an imaging system within the loop
geometry which is not dependent on the thermal lens strength must be employed. This
will allow higher quality, higher power, more efficient, more robust and ultimately larger
arrays of modules to be combined in a PCSOCBC system.
A self-starting adaptive laser design which negates these problems was investigated
in section 6.3.2. In this cavity a pair of horizontal lenses are arranged in a 4-f imaging
system. This acts to image the self-intersecting writing beam onto itself independent of
the thermal lens strength. this provides more stable operation over variation in pump
power. This allows high beam quality operation across the whole pumping range as
the hologram is always fully formed. This in turn relaxes the criteria for efficient CBC
as the module output powers and beam qualities can always be matched, purely by
adjustment of the pump power.
The compact modules detailed above are adapted by inclusion of a pair of horizontal
lenses of focal lengths 200mm (HCL2,3) and 150mm (HCL1,4) set in an expanded loop,
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Figure 8.3: Schematic of the coupled imaging adaptive modules.
700mm in length. These lenses horizontally image-relay the self intersecting beam back
into the gain medium, and their positions are shown in figure 8.3. The use of two lenses
of different focal lengths causes the second pass of the writing beam to enter the crystal
with a smaller horizontal extent. This compensates for the reduced apparent size of the
gain medium due to the reduced bounce angle. This provides good overlap of grating
forming beams even with variations in the thermally induced lensing in the amplifier
crystal.
The powers into the output channel (POC) and the loss channel (PLC) over variation
in the pumping conditions are shown in figure 8.4. The grey section refers to when
only the pump diode of module one is active and thus no CBC is possible. Slightly
lower power is seen in the output channel due to the beam splitter being not quite 50:50
and the 1% reflectivity feedback from the output coupler. In the right half of figure 8.4
module 1 is left at full pump power and module 2’s pump power is increased. Once
module 2 reaches threshold, (≈ 70W total pumping), CBC happens readily, with the
power into the output channel increasing rapidly. This is accompanied by a reduction
of power into the loss channel. At the maximum pump power of 107W (53.5W per
module) a coherently combined output beam of 27W was observed with only 1.75W
entering the loss channel. This represents a combination efficiency of
η =
POC
POC + PLC
= 94%. (8.2)
The far-field beam profile of the coherently combined output channel is shown in
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Figure 8.4: Figure showing the output power from the imaging coupled adaptive system as
a function of the total pump power. The grey section representing pumping by only diode 1
and the white section representing full pumping by diode 1 and variation in pumping of diode
2.
figure 8.5a. The effects of the phase-conjugate self-organised CBC mechanism on beam
quality have been investigated. This entailed a comparison of the beam quality of the
independent modules to the coherently combined output and the output into the loss
channel. The measured independent operation M2 of module 1 (module 2) in the hor-
izontal and vertical was 1.93 (2.28) and 1.18 (1.38), respectively, at maximum pump
power. The combination of the two modules showed an M2 of the output channel in the
horizontal and vertical of 2.05 and 1.27. This represents a comparable beam quality to
that of the independent modules. The beam quality of the loss channel was measured
to be much lower with an M2 characterisation in the horizontal and vertical of 8.5 and
3.4, respectively. This is believed to be a result of higher efficiency phase locking of the
lower order spatial components present in the output from the individual modules, with
the higher order components being split equally between the loss and output channel.
This is evident in the distinct disparity between the beam qualities of the output and
loss channels. Despite the beam quality of the modules here not being diffraction lim-
ited the excellent combination efficiencies reported demonstrate the robustness of this
technique.
The Fabry-Perot spectrum of the output channel is shown in figure 8.5b. It shows
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Figure 8.5: (a) Figure showing the far field beam quality of the output channel from the
imaged coupled adaptive system. (b) Figure showing the Fabry Perot Spectrum of the imaged
coupled adaptive system
only one spectral component, with bandwidth < 575MHz, when observed with an
etalon of 60MHz resolution. This demonstrates the benefit of having adaptive mod-
ules which do not have a fixed cavity length. Instead they have the freedom to choose
any spectral frequency distribution which maximises power into the output channel.
An interesting property observed of this system, which is manifested from the phase
conjugate nature of the modules, is the perturbation stability. Firstly it was found that
efficient beam combination was possible even with quite dramatic changes to the indi-
vidual module alignments. Theoretically as long as the self-intersecting beam is imaged
onto itself within the gain region, the system can adapt to any perturbations applied.
This was evident by the ability, once aligned, to adjust the position and angle of various
lenses and mirrors without a detrimental effect to the performance. Secondly dynamic
stability to perturbations is believed to exist as the gain grating’s lifetime is related to
the upper-state lifetime of the medium (≈ 90 µs in Nd:YVO4), as discussed in section
6.4 and chapter 5. This should allow compensation for any perturbation on longer time
scales. Thirdly figure 8.4 shows output power stability of the system to pump power,
and the resultant thermal lens, variations, with combination efficiencies of over 90%
maintained with up to 16W (30%) reduction in module 2’s pump power. This is a great
improvement over the modules which did not utilise intra-cavity imaging optics as the
writing of the gain grating is now independent of the thermal lens strength, yielding a
beam quality independent of pump power.
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Figure 8.6: Showing the diffraction efficiency of the transmission gain grating as a function
of the writing beam intensity for three values of small-signal gain. This figure is reproduced
directly from chapter 7 of Progress in photorefractive nonlinear optics by permission of the
chapter author [34, Chap. 7].
8.3 Understanding PCSOCBC
In prior sections experimental operation of the PCSOCBC system has been demon-
strated, but an underlying question still remains, that of why should the adaptive mod-
ules phase lock themselves for constructive interference? In the SOCBC setup it was
clear why phase locking occurs, phase matching of the two modules for constructive
interference into the output channel increases the effective reflectivity of the output
coupler, reducing the cavity losses. This is beneficial for the resonator modes as the
higher output coupler reflectivity causes the intracavity power to be higher, allowing
better extraction of the gain.
In the self-starting self-adaptive modules the resonator is formed from the loop cav-
ity formed of four mirrors and the diffraction from the gain hologram. The laser will self
adapt to maximise the resonator mode power in this loop by maximising the diffraction
efficiency from the gain hologram.
It has been shown that the diffraction efficiency of the gain grating within the self-
starting self-adaptive laser has a functional dependence on the intensity of the writing
beams [34, 40, 141]. Figure 8.6 shows the steady-state diffraction efficiency of the gain
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grating as a function of the writing beam intensity. These curves can be seen to have
a positive gradient at low writing beam intensities (relative to the saturation intensity
IS) with a negative gradient associated with higher writing beam intensities. From this
trend it can be seen that at low intensities there will be an increase in the resonator
efficiency with increasing writing beam intensities. From this it follows that when be-
low the turning point in figure 8.6 correctly phase matching the finite phase offset of
the individual modules for CBC into the output channel will increase the intensity of
the writing beams and thus increase the diffraction efficiency of the gain grating. This
reduces the resonator cavity losses and as such will cause the modules to phase lock for
constructive interference into the output channel. This only applies at low writing beam
intensities and it can be hypothesised that at high writing beam intensities the modules
will lock their phases to destructively interfere into the output channel in order to max-
imise the resonator mode power. Although this is a possible situation it is easy to avoid
by use of a low reflectivity output coupler. The reflectivity of this output coupler should
be chosen to be the same as the optimum for a single self-starting self-adaptive laser.
Experimentally the output coupler is usually chosen to be < 1% as this has been seen
to give efficient operation of the self-starting adaptive modules.
One concern might be regarding whether this phase locking mechanism becomes
weaker with increasing the number of modules. Figure 8.6 shows that in fact the con-
trary is true. If the optimum beam writing intensity (IOpt) is taken to be such that the
diffraction efficiency reaches a maximum and an output coupler is chosen where this
becomes true for ideal phasing at maximum pump power of an array of N modules.
Any perturbations away from ideal phasing or maximum pump power will reduce the
diffraction efficiency, causing the laser to self-adapt in order to maximise this diffrac-
tion efficiency again. From this it also follows that an unphased array will see writing
beam intensities a factor of N smaller than the optimum, meaning that with increasing
numbers of modules the benefit from phase locking becomes greater and thus the phase
locking mechanism will be stronger.
Using self-starting phase conjugate modules in a SOCBC technique has a number
of other distinct advantages. It was seen in chapter 7 that in a linear SOCBC system
there were additional problems with matching the spatial mode structure of the combin-
ing beams due to the variation in the thermal lens, and aberrations between modules.
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In the self-starting phase conjugate module it was shown in chapter 6 that as long as
the self-intersecting writing beam is fully imaged over itself within the gain region (i.e.
no information of the input is lost in the writing of the hologram) the output beam is
independent of the strength of the thermal lens or aberrations. In a self-starting adaptive
module, of the type to be used in the PCSOCBC setup the phase conjugate output time
reverses the path from which it came into the module, this has the effect of guaran-
teeing that each of the beams returning from each of the modules will have the same
spatial profile as they combine at the beam combiner. This reduces the problems seen
in SOCBC of having thermal lens mismatches between the modules leading to reduced
combination efficiencies.
8.4 Further scaling PCSOCBC
To efficiently combine the output from two, or more, laser modules in a coherent com-
bination scheme it is necessary to match the phase relationship of multiple beams at
the beam combiner in order to constructively interfere into a single output. In most
lasers the finite phase offset at any point is set by the wavelength and the cavity dimen-
sions. In standard SOCBC constructive interference is maintained by variation in the
lasing wavelength until a shared spectral mode which has correct phasing at the beam
combiner is realised.
In self-starting self-adaptive lasers neither the wavelength nor the finite phase offset
of the phase conjugate beam are set by the cavity dimensions. Thus when considering
the phase locking of multiple modules in a PCSOCBC setup it is not clear whether the
finite phase offset or the spectral mode is adapting to provide CBC. The ramifications
of one of either of these criteria dominating the adaptation of the system are quite large
as if it is the wavelength that is adapting and the finite phase offset is fixed then the
number of modules that can be combined efficiently will be limited in a similar way
to in standard SOCBC. This leads to the question of whether the finite phase offset is
indeed free or whether it is fixed by the grating writing beams?
Some insight can be gleaned by looking at the spectral mode of the coherently com-
bined output from the PCSOCBC system. Figure 8.5b shows the bandwidth of the
output beam, although single longitudinal mode (SLM), is clearly broader than would
be expected from a standard cavity mode, and certainly broader than would be allowed
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for efficient combination in a SOCBC system. This is suggestive that it is not the wave-
length of the output beam which is being adapted, but instead the finite phase offset
of all the spectral components, such that they are phased correctly for CBC. This hy-
pothesis has the requirement that the finite phase offset of the beam returning from the
individual modules is free to choose any value between 0 and 2pi and is not determined
by some function of the input beam. This is theoretically true with the consideration of
only the transmission grating, but it is not clear whether this is true when the reflection
grating and any other potential mechanisms are taken into account.
It is possible to investigate whether this finite phase offset is locked by self organi-
sation within the laser, or by some inherent property of the gain grating interaction, by
building a system similar to that of the PCSOCBC setup, but with the output coupler
replaced by an isolated external seed. This is effectively building a seeded self-adaptive
laser, as detailed in section 6.2, but with a Vernier-Michelson cavity coupling two mod-
ules together. As the wavelength is set by the external seed laser the only degree of
freedom for phase locking is the finite phase offset. The removal of the output coupler
removes the loss enhanced phase locking mechanism as well so if any phase locking is
seen it must be related to the finite phase of the incident grating writing beams. As this
finite phase offset would be expected to change with atmospheric perturbations to the
beam path from seed to modules, an unstable power balance between the output and
loss channels would suggest that the finite phase offset is locked by the phase of the
writing beams. If on the other hand no phase locking is seen it is suggestive that the
self-starting gain-grating adaptive modules have freedom in selection of the finite phase
offset of their output beams, allowing power scaling to large numbers of modules in a
PCSOCBC system.
This experiment was conducted and it can be confirmed that no coherent combina-
tion between the two modules was seen, with power always equally split between the
output and loss channels. This is suggestive that the finite phase offset between the
modules is not predefined by the grating dynamics, allowing the modules to use this
freedom to efficiently phase lock in a PCSOCBC system. Unfortunately we cannot say
this for certain as it is possible that the system alignment was not optimal, and it would
have happened if the correct alignment could be found. What can be said is that if the
finite phase offset is defined by the grating dynamics then the criteria for CBC in a
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seeded phase conjugate setup is much harder to align than the self-starting version and
therefore the alignment criteria are much more stringent to lock the finite phase offset
of the output beams relative to the writing beams than to just get phase conjugation.
8.5 Numerical modelling of PCSOCBC
It is believed that the PCSOCBC system has the ability to adapt the finite phase offset
of all the component modules such that coherent beam combination occurs. If this is
true then the number of modules which can be combined should be much larger than
in a SOCBC setup. Instead it can be considered that the limitations in the number of
modules which can be combined should be related to the quality of the locking of the
phase offset by the component modules. This can be investigated using a numerical
approach in order to estimate the future scalability of the PCSOCBC system.
Siegman examined the probability of finding a shared cavity mode in a SOCBC sys-
tem by looking at the reflectivity of the composite cavity of N modules to an incident
beam [179]. The effective path lengths, and thus phase of the beams at the combination
optics were taken to be randomly distributed allowing the calculation of the effective
quality of the composite cavity. Many cavities were then examined in a Monte-Carlo
simulation in order to ascertain the statistical distribution of the composite cavity qual-
ity. Coupling this with the spectral operational bandwidth of the laser allowed analysis
of the likely number of lasing modes which will exist for a specific array size.
Unlike SOCBC in PCSOCBC there is a continuum of possible cavity modes, with
the individual modules believed to be able to phase lock their wavelengths and the phase
offsets for combination independently, ideally allowing limitless numbers of modules
to be combined. It can be hypothesised that the limitation of the PCSOCBC system is
likely to be related to the quality of the phase conjugation as this will define whether
the phasing is correct for constructive interference at the beam combiner. The quality of
phase conjugation is believed to be high, but it is likely in a composite system consisting
of many modules that a deviation will be seen module to module.
The purpose of this section is to examine what effect perturbations to the phase
conjugation quality have to the combination efficiency. This will be accomplished by
considering the combination of multiple beams which have a random perturbation in the
finite phase offset. By running a Monte-Carlo simulation, essentially examining many
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system alignments, a statistical distribution of the likely combination efficiency will be
seen.
The total field (ES) combined into the output channel from the PCSOCBC N:1
coupling system can be expressed as
ES (r) =
N∑
n=1
En (r) =
N∑
n=1
An (r) e
iφ(r). (8.3)
Where En (r) describes the field emanating from the nth module, with An (r) the
amplitude variation and φ (r) the phase front of the beam.
Taking a first order approximation of the combining field gives
~ES ≈
N∑
n=1
An (0) e
iφn(0) (8.4)
This approximation contains terms able to estimate limits to the phase conjugate
modules without any need for specifics of the form of the spatial phase aberrations of
the specific modules. The first order phase vector component (φn (0)) can be thought
of as the deviation of the phase of the returning beam from the ideal phasing for con-
structive interference. The total electric field ES of the combination of the multiple
modules can now be calculated from the deviation from ideal phasing, allowing assess-
ment of the power into the output channel of the PCSOCBC system for a specific cavity
configuration.
The quality of a phase conjugate system is often defined in terms of the phase con-
jugate fidelity, H, where [180]
H =
∣∣∫ EL (r)ES (r) d2r∣∣2∫ |EL (r)|2 d2r ∫ |ES (r)|2 d2r (8.5)
Where EL (r) is the incident field, ES (r) is the phase conjugate field and r defines
a position within the beam profile. The numerator represents an overlap integral of the
phase conjugate field and the incident field with the denominator acting to normalise
the equation to the power incident. Perfect phase conjugation, where the wavefront is
reversed with correct amplitude, i.e. ES (r) ∝ E∗L (r) corresponds to a phase conjugate
fidelity of 1, with fidelity reducing to 0 with decreased correlation between ES (r) and
EL (r).
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The metric of phase conjugate fidelity is not a good measure of the combination
efficiency of a PCSOCBC system as it is normalised such that reductions in the output
power due to the incorrect phasing of the individual module combinations does not
reduce the fidelity. So it is not a good metric to define the efficiency of the combination
under the assumptions of this model. A better metric can be described by looking at
the effective reflectivity of the PCSOCBC structure when normalised to the reflectivity
under ideal phasing conditions, (similar to the approach of Siegman [179]). i.e.
~r =
∑N
n=1An (0) e
iφn(0)∑N
n=1 An (0) e
0
(8.6)
which assuming that the power of the individual modules can be adjusted such that
(An (0) ≡ A) then the normalised reflectivity vector (~r) of the combined array can be
given as
~r =
1
N
N∑
n=1
eiφn(0), (8.7)
where ~r is the complex amplitude reflectivity of the system. The amplitude reflec-
tivity is then given by r ≡ |~r| and the power reflectivity given as R ≡ r2.
8.5.1 Combining modules
Equation 8.7 gives a metric to the combination efficiency into the output channel of
the array of modules given the average phase of all of the returned beams (φn (0)).
As the phase aberration on each of the combining beams is going to be statistically
distributed an estimate of the combination efficiency can be made by assuming that
each of the combining modes has a randomly distributed phase error which on average
fits a Gaussian distribution of standard deviation σ. Applying a Monte Carlo simulation
to generate many composite cavities with randomly Gaussian distributed phase errors
allows statistical investigation of the likely combination efficiency.
Figure 8.7 plots the normalised Monte Carlo model generated probability densities
for the amplitude reflectivity (r) and the power reflectivity (R) for a standard deviation
(σ) of the phase errors of pi/10 and for array sizes between N=2 and N=64. These
plots represent the histogram probability densities of 10 million generated arrays with
1% bins. At all array sizes the combination efficiency remains on average over 90%,
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Figure 8.7: Numerically calculated amplitude and power efficiency for phase conjugate
coherent beam combination of arrays of various numbers of modules with a standard deviation
of the phase distortions of pi/10.
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Figure 8.8: Numerically calculated amplitude and power efficiency for phase conjugate
coherent beam combination of large arrays (N=256) as a function of the standard deviation of
the phase distortions of the phase conjugate modules. Note that these curves maintain their
shape at low σ with increased numbers of modules, along with a reduction in the uncertainty
in combination efficiency.
with no significant drop in combination efficiency seen at the higher array sizes. This is
very different behaviour to a standard SOCBC system where the combination efficiency
drops rapidly with increasing array sizes [179].
Figure 8.7 shows as well that in increasing from 8 component modules to 64 mod-
ules that along with the slight reduction in the average combination efficiency there is
an associated reduction in the deviation of the combination efficiency. This reduction in
the total deviation of the combination efficiency will continue with increasing module
numbers as the distribution becomes a statistical average.
Another aspect which is of interest and can be examined by this numerical model is
to what effect does the average magnitude of the phase error (σ) have on the combina-
tion efficiency?
Figure 8.8 shows numerical amplitude and power combination efficiencies for an
array of 256 PCSOCBC modules as a function of σ, the standard deviation of the re-
turning phase distortion. This model simulated 10,000 modules to generate the average,
and standard deviation of the amplitude and power reflectivities of the composite cav-
ity. This combination efficiency figure shows that at low phase distortions of the beam
returning from the phase conjugate modules a high combination (≈ 100%) efficiency is
seen. At high distortion levels (σ ≈ pi) the combination efficiency drops very low with
the limit approaching that of SOCBC of randomly phased arrays. This suggests that as
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long as the returning phasing errors can be maintained as small perturbations (. 0.25
rad.) efficient combination is possible; But the efficiency will drop if the phase errors
become larger.
Although this suggests that the PCSOCBC system may be limited to small arrays
if it is not possible to generate a reliable low phase aberrated module it may not be as
bad as suggested by figure 8.8. Considering a tree structure CBC of many modules,
with a beam from a module to contain two components, those correctly phased, and
those incorrectly phased. At the first combination the correctly phased components
will combined into the output channel, and the incorrectly phased components will be
split equally between the two output channels. At the next hierarchical level of the tree
structure where the combination of 2 beams occurs each of which contain the whole of
the correctly phase components and 50% of the incorrectly phased components from
each of the subsidiary modules. At this beam splitter now there is CBC of 4 correctly
phased components into the output channel and equal splitting of the incorrectly phased
components into the two output channels. It can be seen that as each hierarchical level
is reached the correctly phased components are combined, whilst the incorrectly phased
components are lost from the system. With the contribution of the incorrectly phased
components only ever being equal to the average incorrectly phased contribution from
one module, as half of this power is removed at each hierarchical level. This means
that the fraction of incorrectly phased power (Pi) in comparison to the correctly phased
power (Pc) can be estimated as
P¯i
P¯c2M
(8.8)
Where M is the hierarchical level and such that the number of modules combined N
= 2M . This function tends to zero as it is moved to higher numbers of modules.
8.6 Further work
A first demonstration of a 2 module PCSOCBC system has been made. This has shown
high combination efficiencies of over 94%. Numerically it has been shown that there is
potential to power scale this system much further than a standard SOCBC system and
as such the future development directions will be discussed.
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8.6.1 Power-scaling
Two direct methods of power scaling can be envisaged, firstly the use of higher power
modules and secondly the use of large numbers of modules
Higher power modules
Much higher power individual self-starting self-adaptive modules have been demon-
strated by utilising both higher power diodes [44] as well as additional amplifiers in the
output coupler arm [42, 44]. Generation of phase conjugate outputs of 90W have been
demonstrated in a system with an extra amplifier in the output coupler arm [42, 68]. By
utilising either higher power pump diodes or additional amplifiers in the output coupler
arm it should be possible to increase the coherently combined output power dramati-
cally.
Larger arrays
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Figure 8.9: (a) Showing a tree structure arrangement for increasing the number of laser mod-
ules combined (b) Showing an alternative scaling schematic where variance in the reflectivity
of the beam splitters is varied to allow CBC in a more compact footprint.
Although the idea of using larger numbers of modules has already been discussed
within this chapter it is worth mentioning with a little more clarity exactly how this
could be accomplished. Figure 8.9(a) shows the standard way of scaling a SOCBC with
modules forming into a tree-like structure. Each of the beam splitters couple together
another hierarchical level in order to form a single high power output beam. It is also
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suggested that a system that utilises varying reflectivity beam splitters could be used
to form a system which is more practical to implement, this is shown schematically in
figure 8.9
8.6.2 Pulsed operation
It standard SOCBC the spectral conditions for efficient CBC of large arrays limits quite
dramatically the number of spectral modes which can exist in the output beam. This
inherently limits short pulse operation of these systems as the spectral bandwidth is no
longer available. In the PCSOCBC system demonstrated this is not the case. It has been
shown that efficient CBC can be obtained independent of the wavelength of the laser
as it is the finite phase offset which defines whether the modules combine coherently.
This can be extended further to say that the bandwidth of the combined laser mode can
contain many spectral components, only limited by the overlap of the gain bandwidth
of all the individual modules. So as opposed to standard SOCBC PCSOCBC may well
allow CBC of large arrays of short pulse Q-switched arrays.
Self-starting self-adaptive modules based on the diode-pumped bounce geometry
have been previously demonstrated with ≈0.6mJ pulses at < 3ns [60]. As the PC-
SOCBC system does not reduce the spectral content it is anticipated that similar pulse
energies and durations should be attainable in each module which can then be combined
into a single output.
8.7 Chapter Conclusion
This chapter aimed to introduce the new concept of phase conjugate self-organised
coherent beam combination (PCSOCBC), before demonstrating the first experimen-
tal implementation and discussing the future scalability of the system. In PCSOCBC
two or more self-starting self-adaptive modules are coherently combined in a Vernier-
Michelson cavity. The intensity dependence of the grating writing process and the
resultant diffraction efficiency from the gain grating causes the modules to phase lock
their outputs such that they constructively interfere into a single output channel.
This has been demonstrated experimentally in a two module system utilising self-
starting adaptive modules based on the diode-pumped bounce geometry. A total co-
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herently combined output power of 27W was observed with 1.75W entering the loss
channel, this represents an excellent combination efficiency of 94%.
A numerical investigation into the combination efficiency obtainable for larger mod-
ule arrays is suggestive that much larger arrays can be combined subject to maintaining
low phase errors on the conjugate outputs from the individual modules. This is believed
to be technically permissible suggesting that much larger array sizes should be possible.
As this technique seems to allow coherent combination of much larger arrays, as
well as being able to utilise much higher power individual modules and operate in
pulsed manner it is believed that this first demonstration of PCSOCBC will lead to
much future work.
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Chapter 9
Conclusion
This thesis aimed to investigate whether the inherent self-organising nature of the laser
could be more fully exploited in order to generate specific laser action. This focused
on experimental and numerical development in a variety of areas. Topics included:
Mechanisms for generating unidirectional single longitudinal mode (SLM) operation
of a ring laser without the use of a Faraday element; Development of self-starting self-
adaptive lasers based on gain holography and examination of their stability to dynamic
perturbations; Demonstration of self organised coherent beam combination (SOCBC)
of two bounce-geometry laser oscillators and development of the novel technique of
phase conjugate self-organised coherent beam combination (PCSOCBC) which was
used to combine the output from two self-starting self-adaptive modules into a single
coherent output. A self-organising adaptive gain interferometer, which utilised gain
holography to passively adapt for beam aberrations, was also investigated.
This investigation of the exploitation of the self-organising nature of the laser was
conducted utilising diode pumped solid-state Nd:YVO4 bounce geometry amplifiers,
which have continued to be developed in tandem. Specific effort was made on mod-
elling the thermally induced lensing present within the laser crystal.
This chapter aims to summarise the major results presented within this thesis as well
as offering insight into possible future work.
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9.1 Thesis Summary
In chapter 1 an introduction, and background, into the work that would be covered
within this thesis was presented. This started with a general overview of self-organisation
and discussed the inherent self-organisation present within a laser. Discussion was then
made of some of the key principles of laser operation, including fundamental aspects
such as mode structures and more practical aspects such as pumping mechanisms for
solid-state lasers. This led on to a more detailed discussion of the underlying proper-
ties of self-organising systems and finalised with examples being given of specific laser
implementations where self-organisation can be used to generate specific behaviour of
the oscillator. This included a detailed introduction to the concept of phase conjugation
and how a laser system can self-organise itself to counteract optical aberrations.
In Chapter 2 the solid-state diode-pumped Nd:YVO4 bounce geometry laser ampli-
fier was introduced. This amplifier was utilised extensively throughout the experimental
work presented within this thesis and details were given on the bounce geometry, in-
cluding the crystal geometry, the diode pumping geometry and the thermal management
of the crystal. A discussion of the chosen laser crystal (Nd:YVO4) was then made with
discussion of the spectroscopic, physical and optical properties and comparison with
two other common laser crystals. This was followed by a discussion of the heat gener-
ation mechanisms within the laser crystal and how this can lead to thermally induced
lensing. This thermally induced lensing changes the cavity stability and the conditions
for matching the TEM00 mode size to the gain region were then discussed. This was
finalised with an experimental demonstration of symmetric and asymmetric laser cavi-
ties encompassing a diode pumped Nd:YVO4 bounce geometry laser amplifier. It was
demonstrated that the bounce geometry is suitable for generating high efficiency, high
power laser beams with good beam quality.
Chapter 3 aimed to develop models of the thermally induced lensing within the
bounce geometry amplifier. In order to get a functional understanding of the parameters
which determine the strength of the thermally induced lens as well as a model which
can deal with novel cooling and pumping geometries two models were developed. The
first was an analytical 1D heat diffusion model which allowed a first order calculation
of the thermally induced lens strength using a simple formula. The second was a full
anisotropic 3D finite element analysis (FEA) modelof the heat diffusion within the laser
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crystal. These models were used to suggest optimisations that minimise the thermally
induced lensing within bounce geometry amplifiers. This chapter then turned to inves-
tigating future bounce geometry crystal geometries. It was shown that by utilising a
sapphire crystal to cool the pumped face of the Nd:YVO4 laser crystal a reduction by a
factor of 4.3 in the horizontal thermally induced lens strength was possible. This was
shown to come at a cost of increasing the aberrations experienced at very low bounce
angles, but suggested that at high bounce angles (>7◦) a low aberration horizontal ther-
mally induced lens would be experienced. The thermal model was then applied to
understand why of the four stability points which match the TEM00 mode size to the
gain region only two of them will generate a TEM00 output. It was seen that as the
horizontal thermally induced lens was weaker at the wings than the centre higher or-
der modes experienced an on average weaker thermally induced lens shifting the pump
powers over which they are stable within the cavity. This results in the higher order
modes not being able to maintain stable oscillation on the entrance of the two stability
zones allowing the fundamental mode to dominate.
Chapter 4 investigated whether extra-cavity beams could be used via interaction
with the cavity modes and extra-cavity passes of the gain medium to force undirec-
tionality within a ring laser, with two methods being investigated in detail. The first
method involved using an extra-cavity pass of the gain medium from one of the outputs
from a ring oscillator. It was shown that this extra-cavity pass was able to suppress the
cavity direction which counter-propagated to it within the gain medium. This allowed
unidirectionality of up to 350:1 producing a TEM00 (M2 < 1.5) SLM output of up
to 6.3W. The second method which was shown to provide unidirectionality of the ring
laser utilised a mirror to retro reflect one of the directional outputs. This was shown to
suppress the cavity direction which fed into this mirror. A unidirectionality of 2500:1
was generated allowing TEM00 SLM operation of up to 15W. Both of these methods
were entirely self-organising in operation and allowed removal of the Faraday isola-
tor commonly employed to induce unidirectionality in a ring laser. It was also shown
that the retro-reflection unidirectional ring cavity could self adapt to partition the gain
medium into an oscillator and an amplifier section via an additional extra-cavity pass of
the gain medium. This allowed matching of the gain medium to the fundamental cavity
mode allowing an increase in SLM TEM00 output power to 20.0W.
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Chapter 5 investigated a self-organising sensor which was based on the idea of two-
wave mixing within a saturable gain media. It was explained that the interaction of two
laser beams within a gain medium can write an interference pattern into the population
inversion. This gain-grating, or hologram in the case of complicated wavefronts, can
diffract light from one beam into the other. It was demonstrated that this gain grating
can be written and read simultaneously and that phase modulations on one of the writ-
ing beam (the object beam) are transformed into an amplitude modulation on the other
beam (the reference beam). As the gain grating has a lifetime dependent on the up-
perstate lifetime it was shown both theoretically and experimentally that low frequency
(.4kHz) phase modulations are suppressed. This allows measurement of remote high
frequency modulations even in the presence of low frequency aberrations, i.e. due to
atmospheric distortions. This system was also seen to allow direct measurement of the
diffraction efficiency from the gain grating and any refractive index grating which ex-
ists in conjunction. It was seen that additional diffractive components due to a refractive
index grating also exist in conjunction to the gain grating and they were responsible for
up to approximately 27% of the total diffracted component.
Chapter 6 extended the concept of writing gain gratings between two interacting
beams to the interaction of four waves within a saturable gain media. Early work on
how this can be used to generate a phase conjugate beam via a four wave mixing (FWM)
interaction was reviewed. Experimental implementation of a seeded self-adaptive laser
was demonstrated. This was then extended by replacement of the seed laser with a low
reflectivity output coupler. The output coupler was shown to allow a self-starting op-
eration of the self-adaptive laser. In all of these systems a ring laser is formed which
is completed by the diffraction from the gain grating. As this gain grating has a finite
lifetime it has been long believed that the self-adaptive laser should have good pertur-
bation stability to low frequency phase modulations. This was investigated by inclusion
of an electro-optic modulator (EOM) in the output coupler arm of the self-starting self-
adaptive laser. It was shown that the output power maintained its stability at phase
modulation frequencies up to ≈ 10kHz.
Chapter 7 investigated the use of SOCBC to combine multiple solid-state bounce
geometry oscillators into a single output. In SOCBC a beam splitter and a single output
coupler are used to couple the modules together in a Vernier-Michelson cavity. This
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acts as a variable reflectivity output coupler that gives preference for the cavities to
lock their wavelengths such that they coherently combine into the arm containing the
output coupler. This was shown to be experimentally feasible with 35.7W combined
into the output arm at a combination efficiency of 84%. It was unfortunately seen
that it was difficult to maintain a low horizontal and vertical spatial modes due to the
requirement for interferometric alignment precision. This led to reduced beam qualities
when compared to the individual oscillator performance.
Chapter 8 investigated the novel technique of PCSOCBC. In PCSOCBC a Vernier
Michelson cavity of a similar type to that utilised in chapter 7 is employed, but with the
classical laser modules replaced with the self-starting self-adaptive module that featured
in chapter 6. The advantage of using these modules is that the they do not predefine a
spatial or spectral mode. This is believed to allow the combination of much larger array
sizes than in SOCBC where the combination is limited by the ability to find a shared
spectral mode. A two module system was demonstrated which generated a combined
output of 27W with a combination efficiency of 94%. A numerical investigation into the
combination efficiency obtainable for larger module arrays was suggestive that much
larger arrays can be combined subject to maintaining low phase errors on the conjugate
outputs from the individual modules. This is believed to be technically permissible
suggesting that much larger array sizes should be possible.
9.2 Future work
The work undertaken in this thesis has opened a number of avenues for future research.
A brief discussion of where some of the more fruitful areas may be realised will be
discussed.
The numerical modelling undertaken in chapter 3 has demonstrated that it is likely
that Nd:GdVO4 may be a better choice for a laser crystal than Nd:YVO4 for use in a
bounce geometry amplifier. This is also evident with previous experimental evidence
seen by G. Smith [68]. It may be worthwhile investigating the use of Nd:GdVO4 in
most of the systems discussed within this thesis as well as the use of 880nm pumping
in order to reduce the thermally induced lens strengths.
Chapter 3 also investigated the use of a sapphire crystal to cool the pump face of a
bounce geometry laser crystal. This appears to yield significant reductions in the hori-
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zontal thermally induced lensing strengths and should be experimentally investigated.
In chapter 3 a crystal geometry which utilised a heating of the rear of the crystal,
either by a second pump source, or a heating element to counteract the horizontal ther-
mally induced lens was numerically investigated. It was seen that this system could in
theory make a dramatic reduction in the strength of the horizontally induced thermal
lens strength. It is believed that this system is worth investigating experimentally as it
may offer a low thermally induced lens source. It is noted that by pumping both sides of
the laser crystal the amplified spontaneous emission (ASE) bouncing between the two
pumped surfaces may limit the practical implementation. This potential oscillator may
well prove to be of interest when operated as a monolithic, or semi monolithic ring laser
with unidirectionality imposed by the retro-reflection method which was discussed in
chapter 4.
The self-organising methods for inducing unidirectionality in a ring laser investi-
gated in chapter 4 were shown to be effective at inducing unidirectionality in ring lasers.
This is especially true of the retro-reflection method which was seen to all extents and
purposes to entirely suppress one of the cavity directions. This system could be scaled
further by reducing the cavity length such that the horizontal thermally induced lens no
longer caused higher order modes to dominate at higher pump powers. As this cavity
operated without a Faraday isolator and all of the unidirectional elements were external
to the cavity this should be easily attainable. If these measures were implemented in
conjunction to the thermal lens reducing measures discussed in chapter 3 it is believed
that a significantly higher TEM00 SLM output power should be attainable. The parasitic
method for inducing unidirectionality has been shown to be successfully implemented,
but it was difficult to maintain high power operation. This appeared to be because the
laser cavity would self-organise its operational mode to avoid the overlap of the cavity
mode and the extra-cavity pass of the amplifier. In order to improve this situation it
may be worth investigating the use of a distorting plate in the extra-cavity arm. This
will reduce the ability of the cavity to adapt its mode profile to avoid the overlap and po-
tentially increase the unidirectionality. This self-avoidance of the overlap of intra-cavity
and extra-cavity passes of the gain medium also opens up interesting avenues with re-
gard matching the fundamental mode to the extent of the gain medium. It was seen
that the TEM00 stability of the retro-reflection ring laser could be extended by an extra-
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cavity pass of the gain medium. The intra-cavity and extra-cavity passes self-organised
to avoid overlap which reduced the horizontal extent of the section used as an oscillator
promoting TEM00 operation. This is suggestive that this technique could be employed
more generally to maintain higher power TEM00 operation of other lasers, although it
will be primarily aimed at high gain where low reflectivity output couplers (≈50%)
allow the intra-cavity and extra-cavity beam paths to be of relatively equal powers.
Chapter 5 explored the development of adaptive gain interferometry (AGI). This
system has future potential as an ultrasound detector as it can deal with rough remote
surfaces. This system could benefit from further modelling in order to be able to equate
back the signals seen back into the remote surface motion that caused them. The sys-
tem would also benefit from further investigation into the response from a real vibrating
remote surface. It would also be prudent to build collaborations with a group compe-
tent in laser initiated ultra-sound generation and detection in order to understand more
fully the requirements that would be needed if this was to be turned into a commercial
product.
Chapter 6 has shown the operation of both seeded and self-starting self-adaptive
lasers. Interesting future work will be seen with regard exploring further the stability
of the system to low frequency perturbations. This should initially be investigated by
inclusion of the EOM into the loop of the module and then furthered by examining in a
more systematic way the stability of the output power to dynamic perturbations of the
cavity mirrors. This is of interest as if it can be shown that the cavity really can adapt
to such perturbations whilst maintaining high power SLM operation then these laser
systems may gain significant commercial interest.
Chapter 8 demonstrated the first implementation of PCSOCBC. This first demon-
stration suggested much future potential as it is believed that this system will be scalable
to much higher powers. Future work towards this direction should focus on two areas,
firstly the use of higher power modules which include additional amplifiers, and sec-
ondly increasing the number of modules that are combined. Proving the scalability of
the system by moving to higher numbers of modules is expected to be the most scien-
tifically interesting avenue as if it can be shown that ≈10 modules can be efficiently
combined, a situation where standard SOCBC would no longer be effective, then this
would open further avenues of scaling to much higher powers.
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9.3 Conclusion
This thesis aimed to investigate whether self-organisation within a laser could be more
fully exploited to perform specific function. To these aims a number of systems have
been constructed that have demonstrated: self-organised generation of unidirectionality
in ring lasers; Phase conjugate laser systems with dynamic perturbation stability; An
adaptive sensor for measuring ultrasound vibrations which can adapt to low frequency
perturbations; Self-organised coherent beam combination and the improved system of
PCSOCBC which can be used to passively combine multiple laser modules together
into a single coherent output.
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Appendix A
Glossary of Acronyms
ACW anti-clockwise
AGI adaptive gain interferometry
AHI adaptive holographic interferometry
AR anti-reflection
ASE amplified spontaneous emission
BC beam combination
BGL bounce geometry lasers
BS beam splitter
CBC coherent beam combination
CW clockwise
DPSS diode pumped solid-state
EOM electro-optic modulator
ESA excited state absorption
ETU energy transfer upconversion
FEA finite element analysis
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FP Fabry-Perot
FSR free spectral range
FWHM full width half max
FWM four wave mixing
HCL horizontal cylindrical lens
HR high-reflectivity
LIDAR light detection and ranging
MOPA master oscillator power amplifier
NPC non phase conjugate
NRTE non-reciprocal transmission element
OC output coupler
OPD optical path difference
OPL optical path length
PC phase conjugate
PCM phase conjugate mirror
PCSOCBC phase conjugate self-organised coherent beam combination
QCW quasi-continuous wave
RI refractive index
SBC spectral beam combination
SBS stimulated Brillouin scattering
SHG second harmonic generation
SLM single longitudinal mode
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SOCBC self organised coherent beam combination
VCL vertical cylindrical lens
VTE variable transmission element
WBC wavelength beam combination
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Appendix B
Analytical Model of the Thermally
Induced Lensing
B.1 1D Thermal Lens
ρCp
∂T
∂t
= ~∇.[~k.~∇T ] +Q (B.1)
Equation B.1 is the time dependent heat diffusion equation, where ρ is the density, Cp
is the specific heat capacity, T is the temperature, k is the thermal conductivity and Q is
a heating term.
An analytical 1D temperature distribution for a side pumped bounce geometry crys-
tal can be calculated by taking the solution of the steady state version of equation B.1
(i.e. when ∂T
∂t
= 0)
0 = ~∇.[~k.~∇T ] +Q (B.2)
which in 1D is
∂2T
∂y2
=
−Q
κ
(B.3)
Which by integrating twice implies that
T =
−Q
2κ
y2 + cy + d (B.4)
Where c and d are constants of integration to be defined by the boundary conditions.
A hypothetical pump region which is top hat in nature has a height (hP ) centered ver-
tically onto a crystal of height hc, with a pump heating of Q(y) is shown in figure B.1.
B.1 1D Thermal Lens 252
Q0
Q(
y)
y
0-h  /2c -h  /2P h  /2P h  /2c
Figure B.1: Showing the pump distribution with height hP , centered vertically into a laser
crystal of height hc.
Equation B.4 expresses that a crystal under the top hat pump distribution as shown in
B.1 will have a linear gradient of temperatures from the edges of the crystal to the edge
of the pumped region and a quadratic form within the pumped region.
This allows the definition of the boundary conditions
T
(
y = −hc
2
)
= T
(
y = hc
2
)
= 0 (B.5)
T
(
y = −hP
2
)
= T
(
y = hP
2
)
= ThP /2 (B.6)
Where ThP /2 is the temperature at the edge of the pumped region. From these boundary
conditions define that d = T0. To solve the heat diffusion equation the system must
be split into two sections, one within the pumped region (T in) and one outside (T out).
Looking at the section within the pump region first it is known that due to symmetry
∂T in(0)
∂y
= 0 which implies that c = 0. Defining the temperature at hP/2 as ThP /2 gives
an equation for the temperature distribution within the pumped region of
T in (y) =
−Qy2
2κ
+ ThP /2 +
Q (hP/2)
2
2κ
(B.7)
Examining the temperature distribution outside the pumped region, as there is no pump-
ing the temperature distribution takes the form
T out = cy + d. (B.8)
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Which taking the two known boundary conditions we know
T (hP/2) = ThP /2 = chP/2 + d (B.9)
T (hc/2) = 0 = chc/2 + d (B.10)
solving these simultaneous equations for c and d gives
c =
−ThP /2
L/2
(
1− hP /2
hc/2
) (B.11)
d =
ThP /2
1− hP /2
hc/2
(B.12)
Which gives an equation for the Temperature distribution outside the pumped region
T out (y) =
ThP /2
1− hP /2
hc/2
(
1− y
hc/2
)
. (B.13)
Continuity dictates that ∂T
∂y
at the boundary between pumped and unpumped regions
must be equal. This allows the solution of equations B.7 and B.13 at position hP/2 and
−hP/2 i.e.
∂T in (hP/2)
∂y
=
∂T out (hP/2)
∂y
(B.14)
−ThP /2
hc/2
(
1− hP /2
hc/2
) = −Q (hP/2)
κ
(B.15)
which implies
ThP /2 =
Q (hP/2) (hc/2− hP/2)
κ
(B.16)
Which substituting into the equations for the temperatures distributions inside (T in) and
outside (T out) of the pumped region give us temperature distributions of
T in (y) =
Q
2κ
(
−y2 + hPhc
2
− h
2
P
4
)
(B.17)
and
T out (y) =
QhP (hc/2− |y|)
2κ
(B.18)
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Figure B.2: Showing the pump distribution with height hP , centered vertically into a laser
crystal of height hc.
for the pumped (T in) and unpumped (T out) regions of the crystal.
Figure B.2 shows the form of the temperature distribution inside and outside of the
pumped region.
B.2 Expanding to the full crystal
Equations B.17 and B.18 give us the 1D temperature distribution of a crystal of height
hc with a top hat pumped region of height hP with a pumping density Q.
In a side pumped slab amplifier crystal, as discussed in 2.1.3, with the cooling from
thermal contact with the vertically top and bottom faces, the heat flow vector can be
assumed to be primarily vertically from the pumped region to the heat sinks. Assuming
entirely 1D heat flow of this nature allows extrapolation of equations B.17 and B.18 into
an approximation for the temperature distribution across the whole 3D crystal, given a
description of the heat loading factor Q.
Assuming, a 2D top hat pump distribution of height hP and width wP and total
pump power of P such that negligible pump absorption saturation occurs, such that the
pump intensity decays exponentially away from the pump face, the heat loading within
the pumped region is given by
Q (z) =
Pηαe−αz
hPwP
(B.19)
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where α is the pump absorption coefficient, and η is the quantum defect, which
determines how much of the pump power is converted into heating within the crystal.
B.2.1 Temperature Distribution
Combining equation B.19 which defines the thermal loading, into equations B.17 and
B.18 yields a pair of equations for the temperature distribution inside (Tin) and outside
(T out) of the pumping region of the form
T in (y, z) =
Pηαe−αz
2κhPwP
(
−y2 + hphc
2
− h
2
p
4
)
(B.20)
T out (y, z) =
Pηαe−αz
2κwP
(hc/2− |y|) (B.21)
B.2.2 Refractive Index Distribution
It is known that the refractive index of a medium is dependent on the temperature of the
medium in the form
n = n0 + n′ (B.22)
The temperature within the pumped region is defined by equation B.20 allowing a
description of the refractive index distribution within the laser crystal of
nin (y, z) = n0 +
n′ηPαe−αz
2κhPwP
(
−y2 + hphc
2
− h
2
p
4
)
(B.23)
nout (y, z) = n0 +
n′ηPαe−αz
2κwP
(L/2− |y|) (B.24)
B.3 Phase shift of bounce geometry path
The phase distortions of a beam passing through a laser amplifier define both the thermal
lensing and the beam aberrations incurred. Assuming the beam propagating through
the amplifier is matched to the size of the pumped gain region equation B.23 defines
the refractive index of the crystal that the beam will experience as a function of the
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Figure B.3: (a) Showing the path of a laser beam in a bounce geometry laser with total
internal reflection from the pump face. (b) Showing the axis and size nomenclature used for
the analytical vertical thermally induced lens.
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Figure B.4: Schematic showing the parametrisation of the laser crystal, of width w and
bounce angle θ. A path is shown from r0 to rw, with the parameter where the integral must be
split defined as rc.
position. Integrating along the path of a beam allows calculation of the phase front of
the beam emanating from the crystal, in turn allowing calculation of the strength of the
thermal lens. Figure B.3(a) shows that in the bounce geometry the beam experiences a
total internal reflection at the pump face. In order to integrate the total path of a beam
travelling through the laser crystal the integral must be split into two sections, one before
the bounce and one after. Figure B.4 shows this effective temperature distribution as
seen by a beam passing through a bounce geometry amplifier. With the z=0 set at the
pump face of the real crystal the temperature distribution in the second crystal half is
the same as the first crystal under the transformation z→ -z.
As it is only the relative optical path difference (OPD) across a beam which are of
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interest we can neglect the constant n0 term in B.23. It is also only necessary to include
the integral over the horizontally pumped region (wP ), not the full crystal width as
sections outside the pumping do not influence the relative path length variations. This
allows the definition of the path integral from an initial z position of z0 as
OPD (y, z0) =
∫ rw
r0
g (y)αe−αzdr (B.25)
=
∫ rc
r0
g (y)αe−αzdr +
∫ rw
rc
g (y)αeαzdr (B.26)
where
g (y) =
n′Pη
2κhPwP
(
−y2 + hphc
2
− h
2
p
4
)
(B.27)
and where the coordinates rw and r0 are the starting and end coordinates within the
crystal and rc is the point where the path crosses the z=0 line where the integral must
be split. These path integrals can be solved along the path of
z = z0 − xtan (θ) . (B.28)
Where Z0 is the position along the bottom of the crystal at which the beam enters
and θ is the bounce angle, as shown in figure B.4, which with appropriate boundary
condition substitutions redefines the integral B.4 into the form
OPD (y, z0) =
∫ xc
0
g (y)αe−αzdx+
∫ 0
z0
g (y)αe−αzdz (B.29)
+
∫ wP
xc
g (y)αeαzdx+
∫ Zw
0
g (y)αeαzdz (B.30)
= (1− tan (θ)) g (y) e−αz0
∫ z0/tan(θ)
0
αeαtan(θ)dx
+ (1− tan (θ)) g (y) eαz0
∫ wP
z0/tan(θ)
αe−αtan(θ)dx (B.31)
which gives an equation for the path length difference due to the thermal lens as
a function of the vertical (x) and horizontal (z0) position in an incident beam and the
bounce angle (θ).
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OPD (y, z0) = g (y)
(
1
tan (θ)
− 1
)[
2− e−αz0 − eαz0e−αtan(θ)wP ] (B.32)
where g(y) is defined as in equation B.27.
B.4 Dioptric Powers
The strength of a lens can be calculated by looking at the squared component of the
phase difference across a beam. This can be accomplished either through fitting a 2nd
order polynomial, or by looking at the double differential of the function for the path
difference. For examining the thermal lens strength in the vertical and horizontal from
equation B.32 it is easiest to look at the double differential approach.
The double differential of the path length equation B.32 with respect to the horizon-
tal (z0) and vertical (y) can be shown to be
d2OPD
dz
= −g (y)α2
(
1
tan (θ)
− 1
)[
e−αz0 + e−αtan(θ)wP eαz0
]
(B.33)
d2OPD
dy
= − n
′ηP
κhPwP
(
1
tan (θ)
− 1
)[
2− e−αz0 − eαz0e−αtan(θ)wP ] (B.34)
Evaluating this double differential at the beam centre (x = 0 and z0 = yw/2tan (θ)
) allows calculation of the horizontal and vertical thermal lens dioptric powers, DPhor
and DPver respectively.
DPhor = β
(
hphc
2
− h
2
p
4
)
α2e−αwP tan(θ)/2 (B.35)
DPver = 2β
[
1− e−αwP tan(θ)/2] (B.36)
where
β =
n′ηP
κhPwP
(
1
tan (θ)
− 1
)
(B.37)
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